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latest research in neuroimaging.
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aspects of publishing for
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(Olmsted fellowship),
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2015 Candidate Information and Requirements

GOALS

« Increase interest in “editorial” and publication-related activities in younger individuals.

« Increase understanding and participation in the AJNR review process.

« Incorporate into AJNR’s Editorial Board younger individuals who have previous experience in the review
and publication process.

« Fill a specific need in neuroradiology not offered by other similar fellowships.

« Increase the relationship between “newer” generation of neuroradiologists and more established
individuals.

e Increase visibility of AJINR among younger neuroradiologists.

ACTIVITIES OF THE FELLOWSHIP

« Serve as Editorial Fellow for one year. This individual will be listed on the masthead as such.

« Review at least one manuscript per month for 12 months. Evaluate all review articles submitted to AJNR.

e Access to our electronic manuscript review system will be granted so that the candidate can learn how
these systems work.

« Be involved in the final decision of selected manuscripts together with the Editor-in-Chief.

« Participate in all monthly Senior Editor telephone conference calls.

« Participate in all meetings of the Editors and Publications Committee during the annual meetings of ASNR
and RSNA as per candidate’s availability. AINR/ASNR will not provide funding for this activity but may
offer a discounted fee for its annual meeting.

« Evaluate progress and adjust program to specific needs in biannual meeting or telephone conference with
the Editor-in-Chief.

* Write at least one editorial for AJNR.

« Embark on an editorial scientific or bibliometric project that will lead to the submission of an article to
AJNR or another appropriate journal as determined by the Editor-in-Chief. This project will be
presented by the Editorial Fellow at the ASNR annual meeting.

* Serve as liaison between AJNR and ASNR’s Young Professionals Network and the 3 YPs appointed to AJNR
as special consultants. Participate in meetings and telephone calls with this group. Design one
electronic survey/year polling the group regarding readership attitudes and wishes.

« Recruit trainees as reviewers as determined by the Editor-in-Chief.

« Participate in Web improvement projects.

« Potentially become a member of AJNR'’s Editorial Board at the end of the fellowship.

« Invite Guest Editors for AJNR's News Digest to cover a variety of timely topics.

QUALIFICATIONS

« Be a fellow in neuroradiology from North America, including Canada (this may be extended to include other
countries).

« Be a junior faculty neuroradiology member (< 3 years) in either an academic and private environment.

« Provide an “end” of fellowship report to AJNR’s Editor-in-Chief and ASNR'’s Publications Committee.

« Be an “in-training” or member of ASNR in any other category.

APPLICATION

« Include a short letter of intent with statement of goals and desired research project. CV must be included.

* Include a letter of recommendation from the Division Chief or fellowship program director. A statement of
protected time to perform the functions outlined is desirable.

« Applications will be evaluated by AJNR'’s Senior Editors and the Chair of the Publications Committee prior to
the ASNR meeting. The name of the selected individual will be announced at the meeting.

« Applications should be received by March 3, 2015 and sent to Ms. Karen Halm, AJNR Managing Editor,
electronically at khalm@asnr.org.
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Disorders, and is organized in collaboration with the International Brain Barriers Society.
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The Winds of Change

M. Castillo, Editor-in-Chief

s of May 2014, the American Society of Neuroradiology

(ASNR) had 702 women members. Although it is difficult to
determine who the first women neuroradiologists were, ASNR’s data
base offers the possibility of determining who our initial female
members were. Among the first 20, easily recognizable names due to
their academic achievements include Drs Dietrich (#3), Davis (#4),
Byrd (#12), Cohen (#13), Osborn (#19), and Donovan Post (#20). Of
them, Dr Osborn is an ASNR Past President (1988—-1989) and Dr
Donovan Post, an ASSR Past President (1999-2000). From the time
ofits founding in 1962, ASNR has had only had 3 women Presidents
apart from Dr Osborn as follows: Dr Hudgins (2005-2006), Dr
Meltzer (2010-2011), and Dr Schaefer (2012-2013). In 2015, Dr
Loevner will become its fifth female President. However, in ASNR, as
in the rest of medicine, the winds of change are coming our way. At
the time of this writing, I serve as the society’s First Past President and
3 of the 6 members of the Administrative Committee are women and
of 23 Executive Committee members 9 are women, the highest pro-
portions ever. In AJNR, 3 out of 6 Senior Editors are women (Drs
Schaefer, Fischbein, and Tanabe).

If one looks at medical school applicants in the United States,
in 1969, 9% were women; however, by 2010, the American Asso-
ciation of Medical Colleges (AAMC) reported that 48% of medi-
cal degrees were awarded to women.' Nursing has always been a
female vocation, and continues to be; 94.6% of registered nurses
are women. In the past, pharmacology was mostly a man’s occu-
pation; however, today over 60% of pharmacists are female.”
Women’s participation in medicine did not significantly increase
until the 1970s when our government banned discrimination on
the grounds of sex and when the AAMC made a point of support-
ing their participation in medical education. In England, nearly
60% of current medical students are female (it reached 62% in
2003) and women make up 40% of physicians, 42% of general
practitioners, and nearly 30% of specialists.” British women seem
to prefer general practices such as pediatrics (40%) more than
surgical specialties (<10%) and similar statistics are found for
Canadian physicians. The United States is catching up and nearly
44% of medical students are now female (in other countries the
current female-to-male ratio is 3:2). In more liberal countries
such as France and Spain, women make up 58% and 64% of
doctors under the age 35, respectively.?

Warning: Before you continue reading, I must tell you that I
am not casting judgment here, just summarizing what is found in
the literature.

Some argue that women in medicine are less productive than
men and debate if the rise of women in medicine will accentuate
the shortage of physicians and access to health care. Workplace
differences between males and females are consistent across dif-
ferent countries so culture and religion have little influence on
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how medicine is practiced by either sex. In general, women are less
likely to work excessive hours, they retire at the expected age (or at
a younger age), and see lesser numbers of patients; conversely,
they are better communicators and spend more time in preven-
tive care. Because women patients seem to seek women physi-
cians, more female doctors should equal better outcomes and life
expectancies for women; however, studies have found that over-
all, the number of physicians per population regardless of sex has
little to do with female life expectancy. In addition, countries such
as Canada and Japan with a low physician density show longer
lives for women than countries with higher densities of female
physicians such as the United States and the Netherlands.* How-
ever, because on the whole more physicians means more female
physicians and more primary care practitioners, the overall ben-
efits of adding more women to the medical workflow may even-
tually have a positive effect in prolonging life expectancy. The
Organization for Economic Cooperation and Development has
gathered data that support the notion that countries with the
highest strength in primary care have better outcomes related to
all-cause mortality, all-cause premature mortality, and cause-spe-
cific premature mortality. This report does not address the role of
women in these outcomes, but because they represent a dispro-
portionate presence in primary care, there must be some
relationship.

In 2 controversial articles, the British Medical Journal dis-
cussed the issue of too many female medical graduates. Against
female medical graduates, Dr McKinstry offered the following
statements:

1) Because females concentrate in family friendly specialties,
their presence will tilt the balance between generalists and spe-
cialists, leading to a smaller number and shortage of the latter.

2) Females are more likely to work part-time and their work is
disrupted by pregnancies and child rearing. Moreover, 50% of
females continue to work part-time even when their children
become older, while most men, regardless of age, work
full-time.

3) Females generally retire earlier than age 60 (in psychiatry, they
tend to retire on average at age 55).

4) Mothers tend to publish significantly less than men and child-
less women.

Arguing for the role of women in medicine, Dr Dacre stated®:

1) Medicine needs to attract the best and brightest, and women as
a whole do better on undergraduate and postgraduate exami-
nations (in reality these differences are minimal and of ques-
tionable significance as are the results of many other
examinations).

2) Medicine is a caring profession and women are much more
engaged in patient care than men.

3) Despite their large number in medicine, women are underrep-
resented in academia. Their numbers decrease with increasing
ranks; in England and the United States, only 11% and 15% of
professorships, respectively, are held by women. Only 10% of
department Chairs are women in the United States.
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Local politics may also favor the presence of women in medi-
cine. In Europe, the current trend is to restrict the working week
for health service professionals to 48 hours (The European Work-
ing Time Directive).' More female doctors working part-time will
facilitate achieving these reduced schedules with enough physi-
cians to support the needed workforce.

Increasing female participation in professional activities is oc-
curring at all levels and in most countries, even the most conser-
vative. Saudi Arabia now allows women to work in areas where
women feel that communicating among each other is better. Most
specialized women’s apparel shops now must have female sales
associates.” In that country, women represent 17% of the current
workforce and their participation increased 280% in the last 10
years, while nearly 60% of all university students are women.
More than half of all PhDs in that country are now given to fe-
males.” Although Saudi professional women still make less money
than their male counterparts, that is not the case everywhere. In
Brazil, 30% of women make more money than their husbands.>

In December 2013, Time magazine published an article enti-
tled: “2013: The Year Men Became Obsolete?”® That short article
offers a startling glimpse at the winds of change: In 2013, 57% of
all bachelor’s degrees were earned by women as well as 60% of
master’s degrees and 52% of doctorates. The number of women
with degrees could be higher but many universities have chosen
an arbitrary threshold of 60% as their cutoff for female admis-
sions. While the participation of women in the workforce in-
creased to 6.2% (1980-2012), men’s participation went down by
7.2% during the same period. What are men doing? Well, accord-
ing to that article they are pouring concrete, laying bricks, tarring
roofs, and excavating sewage lines, among other dirty and dan-
gerous métiers. These latter observations come from the famous
Munk Debates on the obsolescence of males.*

But let us go back to women in medicine and particularly in
radiology. Some 22 years ago when I came to the University of
North Carolina, at least half of our residents were female, but after
a few years, we had just men and now, out of 31 residents, 7 are
female (roughly 23%). In the last 3 years, out of a total of 12
neuroradiology fellows, 4 have been female, so again roughly a
similar proportion between specialty and subspecialty. These
numbers match those reported in the literature, that is, about 24%
of US radiologists are women. Why is that, when more than 50%
of US medical students are female? The explanations offered fol-
low: Fear of irradiation during childbearing age, too little patient
contact, too many years of extra training, and a highly competitive
specialty with decreasing job opportunities upon graduation. Cu-
riously, females also find working in dark rooms unappetizing.
The American College of Radiology is aware of this and has cre-
ated a Commission for Women that is charged with researching
and identifying ways to attract and retain more women in radiol-
ogy. When compared with general medicine, the numbers of

* The Munk Debates are held biannually in Toronto to discuss major policy issues.
The organization was funded by Peter Munk (Chairman of the world’s largest gold
mining operation) in 2008.
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women in radiology are decreasing. In 1995, 28% of radiology
residents were women; however, by 2000, this number had de-
creased to 22%. A survey published in the American Journal of
Roentgenology shows that after internal medicine (18%), radiol-
ogy (15%) is the most popular specialty selected by female medi-
cal students.” That article lists intellectual stimulation as one of
the reasons that radiology is chosen by both women and men.
Another reason that is not mentioned in that article may be reg-
ular hours. Another specialty with regular hours, gastroenterol-
ogy, may shed some light onto this factor. The number of female
gastroenterologists has gone up from 5% to 30% mostly due to its
regular scheduled hours.> The changes being experienced by the
medical profession are a subject of close scrutiny. From 1976 to
1979, only 6 articles exploring the role of women in medicine were
published; between 2005 and 2009, there were 212.1°

Of the 30 professions that will add the most jobs in the next 10
years, women already dominate 20.> The salaries for full-time
men, when adjusted for inflation, have increased 28% from 1969
to date, but most women still make less money than men.
Women, ages 25-35 make on average 20%—-25% less than men
(US $37,000 versus $49,000 in 2012). This may be, at least in part,
because women still make up most low-paid workers. Unfortu-
nately, the same pattern is seen in academia where female re-
searchers earn US $6000-$13,000 less than men, and in depart-
ments of medicine where they on average earn US $15,000 less
than men across all ranks.'" So although the winds of change are
blowing our way, perhaps they need to blow stronger and more
fairly.
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The Role of Functional Dopamine-Transporter SPECT Imaging
in Parkinsonian Syndromes, Part 1

T.C. Booth, M. Nathan, A.D. Waldman, A.-M. Quigley, A.H. Schapira, and J. Buscombe
O

ABSTRACT

SUMMARY: As we defeat infectious diseases and cancer, one of the greatest medical challenges facing us in the mid-21st century will be
the increasing prevalence of degenerative disease. Those diseases, which affect movement and cognition, can be the most debilitating.
Dysfunction of the extrapyramidal system results in increasing motor disability often manifest as tremor, bradykinesia, and rigidity. The
common pathologic pathway of these diseases, collectively described as parkinsonian syndromes, such as Parkinson disease, multiple
system atrophy, progressive supranuclear palsy, corticobasal degeneration, and dementia with Lewy bodies, is degeneration of the
presynaptic dopaminergic pathways in the basal ganglia. Conventional MR imaging is insensitive, especially in early disease, so functional
imaging has become the primary method used to differentiate a true parkinsonian syndrome from vascular parkinsonism, drug-induced
changes, or essential tremor. Unusually for a modern functional imaging technique, the method most widely used in European clinics
depends on SPECT and not PET. This SPECT technique (described in the first of 2 parts) commonly reports dopamine-transporter function,
with decreasing striatal uptake demonstrating increasingly severe disease.

ABBREVIATIONS: DaT = dopamine transporters; '®F = fluorine 18; ®F-DOPA = 6-["®F]fluoro-L-34-dihydroxyphenylalanine; '*I = iodine 123; *I-FP-CIT = 23

ioflupane (N-w-fluoropropyl-B CIT); PD = idiopathic Parkinson disease; SWEDD = scans without evidence of dopaminergic deficit

Parkinsonian syndromes are a group of movement disorders
characterized by tremor, bradykinesia, and rigidity. They are
most frequently due to primary neurodegenerative disease, resulting
in loss of dopaminergic nerve terminals along the nigrostriatal path-
way, as occurs in idiopathic Parkinson disease (PD), multiple system
atrophy, progressive supranuclear palsy, corticobasal degeneration,
and dementia with Lewy bodies. Other causes of parkinsonism that
do not involve nigrostriatal degeneration include drug-induced, vas-
cular, or toxic insult and psychogenic disease. Patients with nigrostri-
atal degeneration may benefit from dopaminergic medication,
whereas nondegenerative or postsynaptic etiologies do not.

The clinical diagnosis of PD, based on clinical signs, assess-
ment of inclusion and exclusion criteria, and good response to
levodopa,' can be straightforward. However, mild, atypical, or
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ambiguous signs with unconvincing responses to levodopa can
make the diagnosis inconclusive.> Lack of diagnosis may have
adverse prognostic implications in the management of parkin-
sonism. Where there is clinical doubt, functional imaging may be
decisive.

Pathophysiology of Parkinson Disease

PD accounts for approximately 75% of all cases of parkinsonism.’
Clinicopathologic studies have established the underlying cause
of the dominant motor features of PD as dysfunction of the do-
paminergic neurotransmitter system.*

Dopamine is a neurotransmitter that plays a central role in the
regulation and control of movement, motivation, and cognition.
Dopaminergic neurons are predominantly found in the midbrain
and project from the substantia nigra pars compacta to the striatum
(caudate nucleus and putamen). This is the presynaptic nigrostriatal
dopaminergic pathway. The postsynaptic neurons lie in the striatum.

Dopamine is produced by the dopaminergic neurons and is
stored in vesicles within the neuron, which protect it from oxida-
tion by monoamine oxidase. Once the appropriate signal is re-
ceived by the presynaptic neuron, dopamine is released into the syn-
aptic cleft, where it interacts with dopamine receptors on the
postsynaptic striatal neuron (Fig 1). To regulate dopamine levels and
enable a response to the next signal, extracellular dopamine is actively
pumped back into the presynaptic neuron by dopamine transporters
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FIG1. Schematicillustration of the dopaminergic pathway within the striatum. Dopamine is synthesized and stored in vesicles until released into
the synaptic cleft in response to an action potential. After interacting with the postsynaptic dopamine receptors, dopamine is released back into
the synaptic cleft, where it is actively taken up by dopamine transporters and carried into the presynaptic neuron.

(DaT) on the cell surface, where dopamine may either be re-stored in
vesicles or catabolized into breakdown products.

PD is characterized neuropathologically by degeneration of
the substantia nigra pars compacta within the midbrain with sub-
sequent deposition of neuronal Lewy bodies. Nigrostriatal degen-
eration, with consequent DaT depletion and downregulation, has
the effect of reducing the levels of dopamine within the striatum,
manifesting clinically as resting tremor, rigidity, and bradykine-
sia. Nigrostriatal degeneration is asymmetric, with almost all
patients diagnosed with PD presenting initially with unilateral
signs.

An Overview of Imaging in Neurodegenerative
Parkinsonian Syndromes

Conventional MR imaging alone is not sufficiently sensitive in
diagnosing these disorders.” Volumetric, spectroscopic, and dif-
fusion MR imaging techniques and transcranial sonography show
promise but are seldom used in routine clinical practice. Much of
the evidence surrounding these methods derives from retrospec-
tive studies or small series. Moreover, differentiation among dis-
ease types is commonly demonstrated in group comparisons,
rather than allowing a specific diagnosis in an individual patient. The
most sensitive imaging techniques for an early diagnosis of parkin-
sonian syndromes are SPECT and PET, by using ligands that report
nigrostriatal dopaminergic function.® SPECT has proved useful in
differentiating parkinsonism due to nigrostriatal degeneration and
nondegenerative or postsynaptic causes. SPECT is, therefore, a valu-
able tool for the clinician in determining the correct management
algorithm for the patient. However, other imaging modalities may
exclude treatable nondegenerative etiologies and play a role in differ-
entiating neurodegenerative parkinsonian disorders.

Imaging the Dopamine Transporter

DaT is a sodium chloride—dependent transmembrane protein lo-
calized to the presynaptic nigrostriatal cell surface,” whose expres-
sion is not fixed but can be up- or downregulated by certain fac-
tors, by using membrane trafficking as the key mechanism.® For
example, insulin can increase DaT expression on the cell surface,
while amphetamines or levodopa can decrease expression.”'® In
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vivo SPECT imaging of DaT with specific tracers provides a guide
to the attenuation of functional dopaminergic neurons.

Postmortem studies have shown a severe reduction of presynap-
tic cocaine-binding dopamine receptors associated with DaT in pa-
tients with PD.” Consequently, DaT selective radiotracers have been
developed by using analogues of cocaine, of which iodine 123 21)-
B CIT (2-carbomethoxy-3-(4-iodophenyl) tropane) and '*’I-io-
flupane (N-w-fluoropropyl-f CIT; or FP-CIT) are the most widely
used'"'? and are used in the DaT-SPECT clinical studies described
below. Other ligand tracers include *™Tc-TRODAT [2-[[2-[[[3-
(4-chlorophenyl)-8-methyl-8-azabicyclo[3.2.1]oct-
2-ylJmethyl](2-mercaptoethyl)amino]ethy]-amino]ethanethi-
olato-(3-)-N2,N2’,52,52" Joxo-[1R-(exo0-exo0)]|, which has a
lower striatal uptake compared with background than '*°I
probes'® and '*’I-IPT [N-(3-iodopropen-2-yl)-2B-carbome-
thoxy-3B-(4-chlorophenyl) tropane]."* '*’I-FP-CIT (trade name
DaTSCAN; GE Healthcare, Buckinghamshire, United Kingdom)
has been the preferred radiotracer due to the shorter interval (3—6
hours) between injection and image acquisition.'® In addition, its
uptake is not competitive with dopamine products, so treatment
with levodopa can be continued, though other drugs such as
monoamine oxidase inhibitors can decrease uptake. '*’I-FP-CIT
has been approved by the European Medicines Agency since 2000
and the US Food and Drug Administration since 2011.

The Role of DaT-SPECT Imaging in Parkinsonian
Syndromes

DaT-SPECT imaging enables differentiation of neurodegenera-
tive causes of parkinsonism, where typically patients will have
abnormal scans, from other movement or tremor disorders where
typically the DaT-SPECT study will be normal. Indications for
DaT-SPECT imaging are given in the Table.

Before the use of functional imaging, the diagnosis of a neu-
rodegenerative parkinsonian disorder depended on clinical eval-
uation with confirmation, when applicable, based on postmortem
neuropathology. Even in specialized centers for movement disor-
ders, where the positive predictive value of the final clinical diag-
nosis for all patients with parkinsonism was 85% (99% for PD



alone), 36% of patients were reclassified within a mean interval of
3.4 years from initial diagnosis.'® Since then, an industry-spon-
sored, prospective, 3-year longitudinal, multicenter study com-
pared clinical scoring methods and DaT-SPECT findings in pa-
tients with clinical diagnostic uncertainty.'” Clinical scoring
methods led to an overdiagnosis of PD, and it was suggested that
DaT-SPECT should be implemented to reduce overdiagnosis in
this population. In another recent, industry-sponsored, multi-
center, randomized controlled trial, patients with a clinically un-
certain parkinsonian syndrome or a monosymptomatic, atypical,
or incomplete presentation of parkinsonian clinical features were
randomized to DaT-SPECT imaging to see whether it led to a
change in clinical diagnosis during 1 year.'® At 1 year, 54% of the
patients randomized to DaT-SPECT imaging had a change in di-
agnosis, compared with 23% of the controls, and the imaging led
to an increase in confidence in the clinicians’ diagnoses. The most
common change in management was initiation of medication,

Clinical indications for DaT-SPECT imaging

Indications

Only 1of 3 cardinal clinical signs® with or without asymmetry
2 Signs without bradykinesia

Poor response to L-dopa

Lack of disease progression

@ Cardinal signs are resting tremor, rigidity, and bradykinesia. (An alternative classifi-
cation adds a fourth cardinal sign as postural instability.)

FIG 2. Normal study findings. The axial *I-FP-CIT DaT-SPECT image
demonstrates symmetric tracer uptake in the caudate nuclei and pu-
tamina, with very low-grade, almost absent, background activity.

including dopaminergic therapy, confirming results from a pre-
vious multicenter trial.> Seventy-five percent of patients random-
ized to DaT-SPECT imaging treated by general neurologists had a
change in diagnosis, as did 47% of those treated by a movement-
disorder specialist, suggesting utility in both a general and special-
ist setting. The diagnostic stability of DaT-SPECT with time, to-
gether with a high interobserver agreement rate (k = 0.97),
demonstrates the reproducibility and reliability of the technique
and highlights its value in adding objectivity to clinical scoring
methods."”

DaT-SPECT imaging may be indicated at baseline or after a
period of monitoring. The radiation dose is approximately equiv-
alent to a head CT when using '*’I-FP-CIT.? Central nervous
stimulants, such as amphetamines and other sympathomimetics,
have a high affinity for DaT protein. Serotonin-reuptake inhibi-
tors may upregulate or downregulate DaT. Therefore, these drugs
can potentially confound DaT SPECT image interpretation and
are usually stopped temporarily before imaging. Images are ac-
quired by using standard gamma camera systems 3—4 hours after
injection of 185-MBq '*’I-FP-CIT. The quality of the scan is de-
pendent on optimization of the acquisition; it is essential that
patient movement be minimized and that the rotational radius of
the gamma camera detector head be as small as possible. Follow-
ing reconstruction by using an iterative technique, images are
usually displayed as axial sections parallel to a line drawn from a
point where the anterior part of the frontal lobe is at its maximum
distance from the posterior part of the occipital lobe. For diagnos-
tic purposes, visual assessment of DaT binding appears to be com-
parable with semiquantitative analysis of ROIs normalized to ref-
erence brain (where there is absent or low background DaT
expression).'® Detailed '*’I-FP-CIT practice guidelines have re-
cently been published by the Society of Nuclear Medicine.*’

Because most dopaminergic transmission occurs in the stria-
tum, this area will show the maximum uptake of DaT radiotrac-
ers, with minimal background activity in the remainder of the
brain. In scans with normal findings, the striata appear as sym-
metric “comma” shapes (Fig 2). Any asymmetry or distortion of
this shape, in the absence of patient motion, implies an abnormal
scan finding.

FIG 3. Axial T2-weighted MR imaging sequence in a patient with PD (A) demonstrating “smudging” of the hypointensity in the substantia nigra
toward the red nucleus in the midbrain (right subtlely more marked than the left, concordant with the contralateral clinical features). It is more
easily visualized in the corresponding susceptibility-weighted image (B). Axial T2*-weighted MR imaging sequence also demonstrates the
“smudging” sign as shown in another patient with PD (C) (left more than right concordant with worse contralateral clinical features). The
“smudging” sign is nonspecific and seen in progressive supranuclear palsy, multiple system atrophy, and corticobasal degeneration. It is a

subtle sign and often not used in routine clinical practice.
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Parkinson Disease

Structural abnormalities on MR imaging in PD are subtle and,
other than nonspecific putaminal atrophy, are found in <20%
of patients with PD.?! There may be nonspecific abnormalities
of the substantia nigra, including “smudging” of the hypoin-
tensity in the substantia nigra toward the red nucleus on T2-
weighted sequences (Fig 3)*?
ter—suppressed T1-weighted inversion recovery sequences (Fig

or increased signal with gray mat-

4).?> Voxel-based morphometry might reveal nonspecific gray
matter loss of limbic, paralimbic, and prefrontal cortices.**
Pathologic diffusion imaging findings in patients with PD are
very rare’; however, elevated ADC may be seen in the region of
the olfactory tracts in patients with PD compared with healthy
controls.”® "H-MRS studies are nonspecific, showing reduced
NAA/Crand NAA/choline ratios in the basal ganglia, reflecting
neuronal loss.**

Transcranial sonography reveals hyperechogenicity of the
substantia nigra (Fig 5), which, together with normal echogenic-
ity of the basal ganglia, has a positive predictive value of 93% for a
prospective PD diagnosis.>” An advantage of transcranial sonog-
raphy is that these findings may also be premotor biomarkers.*®
However, a disadvantage is that up to 20% of white and 60% of
Asians cannot be studied due to an inadequate temporal acoustic
bone window.

6-["®F]fluoro-L-3,4-dihydroxyphenylalanine (fluorine 18 ['®F]-
DOPA) PET is a valuable functional technique that provides an

FIG 4. On these inversion-recovery Tl-weighted images in which deep gray matter signal is
suppressed, the substantia nigra in a patient with severe PD (A) appears both substantially shrunk
and with altered contrast in comparison with a healthy control (B). There is a correlation be-
tween the substantia nigra area with the Unified Parkinson Disease Rating Scale score.?* There is
also a group difference between those with PD and controls; however, this metric has not been
proved to be useful for individuals. Images courtesy of Dr Ludovico Minati, Scientific Depart-
ment, Istituto Di Ricovero e Cura a Carattere Scientifico Foundation Neurologic Institute, Carlo

Besta, Milan, Italy.

indirect measure of nigrostriatal neuron attenuation through
evaluation of presynaptic dopa decarboxylase activity and intra-
vesicular dopamine storage. With progressive nigrostriatal degen-
eration, there will be a consequent reduction in dopa decarboxyl-
ase activity and presynaptic dopamine storage. This is reflected
on '"®)F-DOPA PET imaging as a reduction in uptake in the
basal ganglia (Fig 6), similar to that in DaT SPECT imaging.
With PD, there is a more pronounced reduction of radiotracer
striatal binding in the putamen than in the caudate nucleus,
which is asymmetric and correlated with disease severity.>**°
Most important, subclinical disease may also be identified on
imaging.”! Other PET techniques are less informative.?*? '¥F-
FDG PET measures regional metabolism and shows normal or
increased uptake in the striatum contralateral to the initial
clinical signs. Postsynaptic striatal neuron density can also be
measured with ''C-[((-)-(S)-3,5-dichloro-N-((1-ethyl-
2-pyrrolidinyl) methyl)-6-methoxy-salicylamide tartrate; FLA
870(-); A40664] (raclopride) PET showing normal or increased
dopamine receptor binding.

DaT-SPECT in Parkinson Disease
Like PET, SPECT reflects the typical asymmetric nigrostriatal de-
generation with a reduction in striatal DaT binding contralateral
to the initial signs. In keeping with PET and neuropathologic
evidence, SPECT typically demonstrates preferential DaT loss in
the putamen compared with the caudate nucleus,**> though
symmetric and somewhat uniform stria-
talloss of DaT may occur in genetic forms
of parkinsonism such as those due to par-
kin (PARK2) mutations (the most com-
monly known cause of young-onset, au-
tosomal recessive parkinsonism).*®

To categorize DaT-SPECT abnormal-
ity, the imaging findings from 3 prospec-
tive multicenter studies were visually
classified into normal and abnormal, of
which the latter was further subdivided
into 3 different patterns.>'”*” Studies
with normal DaT findings demon-
strated symmetric intense tracer uptake
in both caudate nuclei and putamina.
Abnormal patterns (Fig 7) are classified
by Catafau and Tolosa? as the following:

FIG 5. T2-weighted fast spin-echo MR image (A) and corresponding transcranial sonography images (B and C) of midbrain axial sections at
the orbitomeatal line. B, Transcranial sonography image of the axial midbrain section in a healthy person depicting the hypoechoic
midbrain (outlined) surrounded by the hyperechogenic basal cisterns. In the anatomic area of the ipsilateral substantia nigra, only small
hyperechoic patches are visible (small arrows); the planimetrically measured area is <0.20 cm?. The raphe is detected as a highly
echogenic, continuous line; the aqueduct is shown at the dorsal part of the midbrain. C, Transcranial sonography of a patient with
Parkinson disease showing a bilateral hyperechogenic substantia nigra (area =0.20 cm?). Small arrows indicate the substantia nigra.
Images courtesy of Dr Rita CL Fernandes, Department of Neurodegeneration at Tubingen University Hospital and Hertie Institute of

Clinical Brain Research, Tubingen, Germany.
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asymmetric uptake with reduced putaminal activity in 1 hemi-
sphere (type 1); clear symmetric reduction of putaminal up-
take in both hemispheres (type 2); virtual absence of uptake in
both the putamina and caudate nuclei in both hemispheres,
resulting in a significant reduction in contrast, and the visual-
ization of background activity throughout the rest of the image
(type 3). Some centers use this classification as a routine de-
scriptive system, but there is no clinical or outcome-measure
correlation.

All studies in a meta-analysis on the diagnostic accuracy of
DaT-SPECT demonstrated that patients with PD and healthy pa-
tients could be differentiated with 100% specificity.”® However,
the sensitivity varied from 38% to 100% among centers. This is
reflected in 2 large multicenter clinical trials that used '**1-8-CIT
SPECT, which found that up to 15% of patients diagnosed as
having PD had normal DaT-SPECT study findings classified as
“scans without evidence of dopaminergic deficit” (SWEDD).'**°
It has been suggested that the discrepancy between clinical diag-
nosis and imaging findings is caused by reductions in striatal DaT
availability in early PD that are below the detection threshold.
However, it is improbable that DaT imaging would have normal
findings in initial early PD as the following combined evidence
suggests: first, by the time PD clinically manifests, approximately
80% of striatal dopamine has been lost; this change is correlated to
presynaptic nigrostriatal cell loss with a parallel reduction in DaT
of 80%***'; second, studies suggest that DaT-SPECT is highly
sensitive in detecting dopaminergic degeneration because there is
a correlation between the extent of degeneration measured with
DaT-SPECT and clinical severity.** Furthermore, in asymp-
tomatic but hyposmic first-degree relatives of patients with

FIG 6. Axial "®F-DOPA PET images through the striatum. The patient
with early Parkinson disease shows an asymmetric reduction in pu-
taminal radiotracer uptake. With further disease progression, both
putamina show a substantial reduction in radiotracer uptake. Images
courtesy of Professor Philippe Remy, 'Hépital Henri Mondor, Creteil,
France.

PD, DaT-SPECT predicts subsequent PD.*’> Additionally,
studies in patients with hemiparkinsonian disorders demon-
strate a bilateral loss of striatal DaT.?>** Follow-up of SWEDD
cases has since shown that these patients neither deteriorate
nor respond to levodopa and that their DaT-SPECT study
findings remain normal.'®'” Some have since been diagnosed
with dystonic tremor. In summary, it is thought highly likely
that in the SWEDD cases, the initial clinical diagnosis of PD
was incorrect and that DaT-SPECT may be more sensitive in
diagnosing PD than some studies have shown.

Another potential role for DaT-SPECT imaging is in monitor-
ing disease progression in patients with treated and untreated
PD.*>** Nigrostriatal loss in patients with PD is estimated to be at
least 5% per year, which is substantially higher than the age-asso-
ciated physiologic loss of nigrostriatal neurons, estimated to be
8% per decade.””** With this in mind, extending the role of DaT-
SPECT to assess the efficacy of neuroprotective therapies in trials
has been debated.>®> However, because there is no proved correla-
tion between progressive decline in DaT and clinical outcome, its
usefulness as a surrogate end point is questionable.*> Further-
more, there is uncertainty about the pharmacodynamic interac-
tion between neuroprotective therapies and radio-labeled ligands
binding to DaT. In summary, while DaT-SPECT imaging could
have a role in monitoring disease progression in PD, its role as a
surrogate biomarker in neuroprotective therapy trials is less
clear-cut.

Finally, although we have mentioned that PD may be detected
subclinically, we emphasize that there remains no agreed-upon
and clearly defined at-risk population to be screened.'

In conclusion, conventional MR imaging alone is not suffi-
ciently sensitive to differentiate neurodegenerative parkinsonian
disorders from non-neurodegenerative parkinsonian disorders
(disorders other than PD are covered in Part 2). Volumetric, spec-
troscopic, and diffusion MR imaging techniques and transcranial
sonography are very promising but are seldom used in routine
clinical practice.

As a screening tool for those at risk of PD and as a biomarker
for monitoring disease progression, in particular in neuroprotec-
tive therapy trials, the role of DaT-SPECT has yet to be realized.
What appears to be the strength of DaT-SPECT, like '*F-DOPA
PET, is that nigrostriatal degeneration is observed in both clini-
cally inconclusive parkinsonism and early, even premotor, dis-
ease. DaT-SPECT images are easy to interpret compared with
advanced MR imaging techniques; the cost is low compared with
PET; all compliant patients can be imaged, unlike in transcranial
sonography; and at least in Europe, SPECT is widely available

FIG 7. Axial I-FP-CIT DaT-SPECT sections depicting the different patterns of abnormality seen in PD as described by Catafau and Tolosa’>—
type 1: asymmetric activity with reduced putaminal uptake in T hemisphere (A); type 2: symmetric reduction in putaminal uptake in both
hemispheres (B); and type 3: virtual absence of uptake in the putamina and caudate nuclei despite high gain as demonstrated by ample

background activity (C).
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compared with PET, advanced MR imaging, and transcranial
sonography. DaT-SPECT is of unequivocal clinical value in care-
fully selected patients, aiding diagnosis and prognosis, as well as
therapy. Nevertheless, any enthusiasm to use this technique
should be tempered, as with most imaging tests, by the paucity of
literature determining how DaT-SPECT actually affects patient
outcomes.
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REVIEW ARTICLE

The Role of Functional Dopamine-Transporter SPECT Imaging
in Parkinsonian Syndromes, Part 2

T.C. Booth, M. Nathan, A.D. Waldman, A.-M. Quigley, A.H. Schapira, and J. Buscombe
O

ABSTRACT

SUMMARY: The functional imaging technique most widely used in European clinics to differentiate a true parkinsonian syndrome from
vascular parkinsonism, drug-induced changes, or essential tremor is dopamine-transporter SPECT. This technique commonly reports
dopamine-transporter function, with decreasing striatal uptake demonstrating increasingly severe disease. The strength of dopamine-
transporter SPECT is that nigrostriatal degeneration is observed in both clinically inconclusive parkinsonism and early, even premotor,
disease. In this clinical review (Part 2), we present the dopamine-transporter SPECT findings in a variety of neurodegenerative diseases,
including multiple system atrophy, progressive supranuclear palsy, corticobasal degeneration, and dementia with Lewy bodies. The
findings in vascular parkinsonism, drug-induced parkinsonism, and essential tremor are also described. It is hoped that this technique will
be the forerunner of arange of routinely used, process-specific ligands that can identify early degenerative disease and subsequently guide

disease-modifying interventions.

ABBREVIATIONS: CBD = corticobasal degeneration; DaT = dopamine transporters; '®F = fluorine 18; IBF = '2|-(S)-5-iodo-7-N-{(1-ethyl-2-pyrrolidinyl)
methyl}carboxamido-2,3-dihydrobenzofuran; IBZM = '2*|-5-(K)-N-[(1-ethyl-2-pyrrolidinyl)methyl]-2-hydroxy-3-iodo-6-methoxybenzamide; *I-FP-CIT = *|-ioflupane
(N-w-fluoropropyl-B CIT); MSA = multiple system atrophy; MSA-P = patients with multiple system atrophy with predominant parkinsonism; PSP = progressive

supranuclear palsy

he dopamine transporter is a sodium chloride—dependent

transmembrane protein localized to the presynaptic nigro-
striatal cell surface. SPECT imaging of dopamine transporters
(DaT) with specific tracers gives a guide to the attenuation of
functional dopaminergic neurons. The technical concepts of
DaT-SPECT were outlined in Part 1 (The Role of Functional Do-
pamine Transporter SPECT Imaging in Parkinsonian Syndromes,
Part 1) of this 2-part Review Article and would be valuable reading
as background to this article.

What appears to be the strength of DaT-SPECT, like
6-['®F]-fluoro-L-3,4-dihydroxyphenylalanine PET, is that ni-
grostriatal degeneration is observed in both clinically incon-
clusive parkinsonism and early, even premotor, disease. DaT-
SPECT images are easy to interpret compared with advanced
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MR imaging techniques; the cost is low compared with that of
PET; all compliant patients can be imaged, unlike in transcra-
nial sonography; and at least in Europe, SPECT is widely avail-
able compared with PET, advanced MR imaging, and transcra-
nial sonography.

Parkinsonian syndromes are a group of movement disorders
characterized by tremor, bradykinesia, and rigidity. They are most
frequently due to primary neurodegenerative disease, resulting in
loss of dopaminergic nerve terminals along the nigrostriatal path-
way, as occurs in idiopathic Parkinson disease, multiple system
atrophy (MSA), progressive supranuclear palsy (PSP), cortico-
basal degeneration (CBD), and dementia with Lewy bodies. Other
causes of parkinsonism that do not involve nigrostriatal degener-
ation include drug-induced, vascular or toxic insult, and psycho-
genic disease. Patients with nigrostriatal degeneration may benefit
from dopaminergic medication, whereas nondegenerative or
postsynaptic etiologies do not.

The Table demonstrates the distinguishing clinical features
of idiopathic Parkinson disease, MSA, PSP, CBD, and demen-
tia with Lewy bodies. Due to its multisystem involvement, pa-
tients with MSA are typically subdivided into those who pres-
ent with predominant parkinsonism (MSA-P) and those with
predominant cerebellar ataxia (MSA-C). The clinical diagnosis
of idiopathic Parkinson disease, based on clinical signs, assess-
ment of inclusion and exclusion criteria, and good response to



Distinguishing clinical features of the neurodegenerative and non-neurodegenerative causes of parkinsonism

Clinical Features of Parkinsonism

(Bradykinesia, Rigidity, Tremor)

Additional Helpful Clinical Features

Neurodegenerative Parkinsonism

Parkinson disease Yes
Multiple system atrophy Yes
Progressive supranuclear palsy Yes
Corticobasal degeneration Yes
Dementia with Lewy bodies Yes

Non-neurodegenerative etiologies of
parkinsonism

Essential tremor Tremor

Vascular parkinsonism

Drug-induced parkinsonism Yes

Bradykinesia with at least one of resting
tremor, rigidity, or postural instability

Nil

Pyramidal, autonomic, and cerebellar signs

Supranuclear gaze palsy, increased axial tone,
bulbar palsy, early postural instability

Asymmetric cortical dysfunction

Fluctuating dementia, visual hallucinations,
hypersensitivity to neuroleptic medications

Usually bilateral tremor that worsens on
movement; tremor can affect head and voice
Cerebrovascular disease diagnosed clinically or on

CT/MR imaging; temporal relationship between
cerebrovascular infarcts near or within the basal
ganglia and acute/progressive development of

parkinsonism; insidious onset of parkinsonism
with bilateral symptoms at onset, presence of
early shuffling gait, or cognitive dysfunction and
extensive subcortical white matter lesions on MRI
Very difficult to distinguish clinically from
neurodegenerative idiopathic Parkinson disease

FIG1. Axial T2-weighted MRimaging sequence at 1.5T in a patient with MSA-P (A) demonstrating
hyperintense putaminal rims. The sign is 96% specific in differentiating patients with MSA from
those with idiopathic Parkinson disease; however, it is only 56% sensitive according to 1study.®
The corresponding coronal T1-weighted MR imaging sequence (B) shows that the putaminal rims
are hypointense. The putaminal rim sign is nonspecific in the wider population—for example, it
can be seen in Wilson disease or some spinocerebellar ataxia subtypes. It is also a normal finding

at 3T.

levodopa,' can be straightforward. However, mild, atypical, or
ambiguous signs with unconvincing responses to levodopa,
can make the diagnosis inconclusive.” This may have adverse
prognostic implications in the management of parkinsonism.

Another important clinical differential diagnosis is essential
tremor. Typical cases of essential tremor are easily distinguished
from idiopathic Parkinson disease, but diagnosis may be more of
a challenge if the tremor is unilateral or if there is a dystonic upper
limb tremor. Where there is clinical doubt, functional DaT-
SPECT imaging may be decisive.

Multiple System Atrophy
Approximately 10% of patients with parkinsonism are diag-
nosed with MSA,” which is characterized by widespread neu-
rodegeneration, especially within the striatum, substantia
nigra, pons, inferior olivary and vagal motor nuclei, cerebel-
lum, and spinal cord.*

Structural MR imaging findings overlap in all MSA subtypes,
independent of clinical presentation, though trends can be seen.
In MSA-P, the putamen may demonstrate a rim of increased sig-

nal on T2-weighted sequences due to gli-
osis (Fig 1).> In MSA with predominant
cerebellar ataxia, pontocerebellar degen-
eration may result in visually apparent
cerebellar and pontine atrophy, which,
along with MSA-P to a lesser extent, is
associated with increased signal on
T2-weighted sequences in the middle
cerebellar peduncles, cerebellum, and the
pontine transverse fibers and raphe (“hot
cross bun” sign) (Fig 2).

Atrophy is most evident in patients
with well-established disease. If one uses a
cutoff value of 8 mm, the middle cerebel-
lar peduncle width allows differentiation
of patients with MSA compared with controls or those with idio-
pathic Parkinson disease with 100% positive predictive value (Fig
2).° Volumetry and voxel-based morphometry group studies
show striatal and cerebellar volume loss in patients with MSA-P
compared with those with idiopathic Parkinson disease and con-
trols.” Voxel-based morphometry also demonstrates selective
cortical atrophy in MSA-P, affecting the motor cortical targets of
basal ganglia output pathways such as the primary sensorimotor
and lateral premotor cortices and the prefrontal and insular
cortices.”

Although validation in prospective studies is required, high re-
gional ADC in patients with MSA-P appears discriminatory. With
100% positive predictive value, putaminal ADC differentiates
MSA-P and idiopathic Parkinson disease,'® whereas middle cerebel-
lar peduncle ADC distinguishes MSA-P from PSP and idiopathic
Parkinson disease.'" Similarly, when combined with DTI, high ADC
and low fractional anisotropy in either the pons, cerebellum, or pu-
tamen are demonstrated in all patients with MSA-P, allowing this
disease to be distinguished from idiopathic Parkinson disease.'”
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FIG 2. Axial T2-weighted MR imaging sequence in a patient with MSA with predominant cere-
bellar ataxia (A) demonstrating the “hot-cross bun” sign, which results from selective loss of
myelinated pontine transverse fibers and raphe neurons. One study showed that the sign is 100%
specific in differentiating patients with MSA from those with idiopathic Parkinson disease;
however, it is only 50% sensitive. Marked pontine and cerebellar atrophy is also demonstrated.
This olivopontocerebellar volume loss is shown on the sagittal TI-weighted sequences (B),
where a middle cerebellar peduncle width <8 mm is demonstrated. All these signs are nonspe-
cific in the wider population—for example, they can be seen in some spinocerebellar ataxia

subtypes.

FIG 3. Axial *I-FP-CIT DaT-SPECT image in a patient with MSA. Note
that imaging appearances are similar to those in idiopathic Parkinson
disease, with asymmetric reduction in putaminal uptake. It is, there-
fore, difficult to differentiate MSA and idiopathic Parkinson disease
on the basis of DaT-SPECT imaging alone.

Although less impressive than diffusion-based strategies, at 3T 'H-
MRS, combined assessment of the NAA/Cr ratio in the pontine base
and putamen may be effective in differentiating MSA-P from idio-
pathic Parkinson disease.'?

With transcranial sonography, a combination of lenticular
hyperechogenicity and normal echogenicity of the substantia
nigra distinguishes MSA-P from idiopathic Parkinson disease
with a positive predictive value of 100%."* With 6-['*F]fluoro-
L-3,4-dihydroxyphenylalanine PET, MSA may be indistinguish-
able from idiopathic Parkinson disease or may show lower
caudate uptake.'>'® PET studies also show reduced striatal do-
pamine-receptor binding and "*F-FDG uptake in MSA, with 1
study suggesting that MSA can be distinguished from idio-
pathic Parkinson disease with 100% positive predictive

value.”'®

DaT-SPECT in Multiple System Atrophy

There is no discernible difference in the pattern of nigrostriatal
degeneration between idiopathic Parkinson disease and MSA.
This is reflected in DaT-SPECT imaging in which abnormal scan
findings demonstrating asymmetric reduction in DaT binding are
consistent with either disease (Fig 3).'”'® Recently, DaT-SPECT
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voxel-based morphometry has been used
at the group level to distinguish MSA-P
from idiopathic Parkinson disease.’® In
the dorsal brain stem, there was greater
signal reduction of patients with MSA-P
compared with those with idiopathic
Parkinson disease, and after a mean fol-
low-up of 2.4 years, there was a greater
signal reduction in the caudate and an-
terior putamen in patients with MSA-P
compared with those with idiopathic
Parkinson disease. This is in accordance
with faster disease progression.

Similar to those who investigated
PET, researchers have endeavored to distin-
guish idiopathic Parkinson disease and
MSA by using SPECT dopamine D, recep-
tor imaging. Most striatal D, receptors are
located postsynaptically and function by fa-
cilitating cell-to-cell communication. They
have a key role in modulating locomotion
and are a critical target for dopaminergic therapeutics.”® SPECT ra-
diolabeled ligands used to image D, receptors are dopamine-
receptor antagonists such as '*’1-S-(K)-N-[(1-ethyl-
2-pyrrolidinyl)methyl]-2-hydroxy-3-iodo-6-methoxybenzamide
(IBZM)*' and '*’1-(S)-5-iodo-7-N-{(1-ethyl-2-pyrrolidinyl)
methyl}carboxamido-2,3-dihydrobenzofuran (IBF).”> A neuro-
pathologic study has demonstrated loss of striatal D, receptors in
patients with MSA,? and there is corroborative evidence on
SPECT?* and PET as described above. Therefore, in contrast to pa-
tients with idiopathic Parkinson disease who do not have reduced D,
receptor binding, patients with MSA may demonstrate a reduction in
D, receptors.>® This feature may also explain why patients with MSA
do not showa noteworthy response to dopaminergic medication that
binds to D, receptors. Several studies have sought to differentiate
idiopathic Parkinson disease from MSA or PSP by combining pre-
synaptic DaT-SPECT with postsynaptic D, imaging by using IBZM
or IBF, and these are summarized below.

Progressive Supranuclear Palsy

PSP accounts for a small minority of patients with parkinson-
ism. Neuropathologically, this tauopathy is characterized by
neuronal degeneration of the nigrostriatal pathway, basal gan-
glia, and brain stem nuclei with deposition of neurofibrillary
tangles. A number of MR imaging features suggestive of PSP
have been described, such as dilation of the third ventricle and
signal increase of the midbrain.>*® Although often absent, at-
rophy of the red nucleus, frontal and temporal lobe, and an
anteroposterior midbrain diameter of <17 mm can each dif-
ferentiate PSP from MSA with at least 75% positive predictive
value (Fig 4). If one uses a “MR parkinsonism index” [(pons/
midbrain) - (middle cerebellar peduncle/superior cerebellar
peduncle)], PSP can be prospectively distinguished from idio-
pathic Parkinson disease, MSA-P, and controls with 100% pos-
itive predictive value.?” Group studies additionally demon-
strate that atrophy in the striatum and frontotemporal
cortices, measured with volumetry and voxel-based mor-



FIG 4. Axial T2-weighted MR imaging sequence in a patient with PSP (A) demonstrating in-
creased midbrain signal intensity (which is only 60% sensitive and 70% specific compared with
MSA) and an atrophic midbrain with an anteroposterior diameter of <17 mm (which is 23%
sensitive and 96% specific compared with MSA).® The signs are nonspecific in the wider popu-
lation—for example, midbrain signal intensity can be seen in Wilson disease and a severely
atrophic midbrain can be seen in CBD. The concave posterolateral borders of the atrophic
midbrain give it a “morning glory” flower appearance. The corresponding sagittal TI-weighted
sequence (B) shows tectal atrophy with a “hummingbird” appearance.

FIG5. Axial *I-FP-CIT DaT-SPECT image in a patient with PSP, depicting
a bilateral reduction in putaminal uptake. Note that the imaging features
are similar to those of idiopathic Parkinson disease and MSA.

phometry, respectively, differentiate those with PSP from con-
trols.”?® Additionally, white matter atrophy in the subtha-
lamic region can distinguish PSP from controls and idiopathic
Parkinson disease when using voxel-based morphometry.>®

With similarities to MSA, diffusion imaging and PET may
have roles in diagnosing PSP. ADC is increased in the decussation
of the superior cerebellar peduncles compared with idiopathic
Parkinson disease, MSA, and control groups,*® and elevated pu-
taminal ADC might discriminate PSP and idiopathic Parkinson
disease with a positive predictive value of 100%.>' With PET,
"1C-raclopride demonstrates reduced striatal dopamine receptor
binding,** while '®*F-FDG is reduced in the putamen, thalamus,
frontal cortex, and midbrain.*?

DaT-SPECT in Progressive
Supranuclear Palsy

In PSP, some DaT-SPECT studies show a
predominant loss of DaT density in the
putamen, comparable with idiopathic Par-
kinson disease,'” whereas others demon-
strate more uniform DaT loss in both the
caudate nucleus and putamen.** Overall,
on the basis of DaT-SPECT results alone, it
is not possible to reliably distinguish idio-
pathic Parkinson disease, MSA, and PSP
(Fig 5).'”'® As with MSA, there appears to
be D, receptor striatal loss in PSP, and the
diagnostic accuracy of SPECT to differenti-
ate MSA from PSP is low.**

In some cases of MSA and PSP, the
postsynaptic tracer has normal uptake.
As such, a meta-analysis on the diagnos-
tic accuracy of SPECT in parkinsonian
syndromes found that postsynaptic and
presynaptic tracers could not reliably
distinguish idiopathic Parkinson dis-
ease and MSA or PSP.?> Nonetheless,
while negative postsynaptic SPECT scan
findings do not exclude MSA or PSP, the
positive predictive value of abnormal post-
synaptic SPECT findings for the diagnosis
of these conditions is very high; therefore,
reduced postsynaptic radiotracer binding
effectively excludes a diagnosis of idiopathic
Parkinson disease.

Some studies combining DaT-SPECT
with IBZM or IBF have shown that idiopathic Parkinson disease
can be differentiated from MSA or PSP,”>*” whereas others have
demonstrated otherwise.?®?” More promising is a recent prospec-
tive study, which, by using a combination of DaT-SPECT, '*’I-
IBZM SPECT, and meta-'*’I-iodobenzylguanidine scintigraphy
(which probes myocardial adrenergic denervation seen in idio-
pathic Parkinson disease), reports a positive predictive value of
89%, and a negative predictive value of 97% (Fig 6).*°

Corticobasal Degeneration

CBD is a rare movement disorder presenting with rigidity, hypo-
kinesia, and predominantly asymmetric cortical dysfunction. It is
characterized by deposition of tau proteins in the form of neuro-
nal inclusion bodies. On conventional MR imaging, asymmetric
frontoparietal atrophy might distinguish patients with CBD from
those with idiopathic Parkinson disease or MSA (Fig 7).>° To
differentiate CBD from PSP, another tauopathy with frontal atro-
phy, measuring cortical atrophy with voxel-based morphometry
or volumetry appears promising,*"**
lamic involvement with ADC.**> With '*F-FDG there is asymmet-
ric hypometabolism in the parietal lobe, while striatal dop-

as does probing motor tha-

amine-receptor binding is relatively preserved.** Transcranial
sonography shows substantia nigra hyperechogenicity but
does not allow discrimination between idiopathic Parkinson
disease and CBD or dementia with Lewy bodies.'*
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FIG 6. Axial ®I-FP-CIT DaT-SPECT, "*I-IBZM, and meta-'"*I-iodobenzylguanidine SPECT studies in idiopathic Parkinson disease (A) and atypical
Parkinson disease (MSA or PSP) (B). Uptake patterns with all 3 radiopharmaceuticals are typical for idiopathic Parkinson disease with asymmetric
striatal reduction using "**I-FP-CIT, normal dopamine D, receptor binding with *I-IBZM, and reduction in myocardial uptake due to adrenergic
denervation with meta-"?’I-iodobenzylguanidine (A). B, Images demonstrate findings of MSA or PSP: reduced striatal uptake with '>*I-FP-CIT and
'2|-|BZM but normal myocardial uptake with meta-'*|-iodobenzylguanidine. Image courtesy of Dr M. Stidmeyer. This was originally published
in: Sudmeyer M, Antke C, Zizek T, et al. Diagnostic accuracy of combined FP-CIT, IBZM, and MIBG scintigraphy in the differential diagnosis of
degenerative parkinsonism: a multidimensional statistical approach. J Nucl Med 2011;52:733—40. ® by the Society of Nuclear Medicine and

Molecular Imaging, Inc.

FIG 7. Axial T2-weighted MR imaging sequence in a patient with CBD (A) demonstrating asym-
metric frontoparietal atrophy. The corresponding coronal FLAIR sequence (B) shows the asym-

metric superior parietal lobules.

DaT-SPECT in Corticobasal Degeneration

In CBD, the dopaminergic neurons of 10% of cases appear to have
preserved DaT density, whereas the remainder of cases that are
affected tend to show a more uniform DaT reduction throughout
the striatum and greater hemispheric asymmetry compared with
idiopathic Parkinson disease (Fig 8).*> However, DaT-SPECT
does not allow CBD to be distinguished from idiopathic Parkin-
son disease, PSP, MSA, and dementia with Lewy bodies at the
individual level.?® SPECT imaging of the D, receptor is of limited
value, with studies showing either normal or slightly reduced D,

receptor binding.***¢
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Dementia with Lewy Bodies
Dementia with Lewy bodies is a form of
dementia that is thought to be related to
idiopathic Parkinson disease. In contrast
to idiopathic Parkinson disease, Lewy
bodies are found not only in the deep gray
matter but diffusely throughout the brain
including the cortex. It is the second most
common cause of dementia after Alzhei-
mer disease, and distinguishing the 2 dis-
eases is often a diagnostic challenge be-
cause the clinical features can overlap.
Alzheimer disease accounts for 31% of
those with dementia, presenting with
short-term memory decline, language
dysfunction, neuropsychiatric features,
and, in 5% of cases, parkinsonism.*”*
Dementia with Lewy bodies accounts for
approximately 11% of patients with de-
mentia and can present with falls or depression, which are also
seen in Alzheimer disease; fluctuating dementia; and the more
discriminatory presentations of visual hallucinations, multiple
features, and, in 41% of cases, parkinsonism. Of note, the clinical
features of parkinsonism in both forms of dementia are less severe
than those seen in idiopathic Parkinson disease, presenting com-
monly with rigidity and bradykinesia and infrequently with rest-
ing tremor.>®

It is difficult to differentiate dementia with Lewy bodies from
other dementias, though by using MR imaging to differentiate
dementia with Lewy bodies from Alzheimer disease and vascular



dementia, the absence of medial temporal lobe atrophy is highly
suggestive of dementia with Lewy bodies.”* With voxel-based
morphometry, compared with Alzheimer disease, atrophy in the
midbrain, hypothalamus, and substantia innominata is marked
and the medial temporal lobe is relatively preserved.’> Nonethe-
less, medial temporal lobe atrophy often occurs in dementia with
Lewy bodies, with volumetry showing the entorhinal cortex to be

FIG 8. Axial **I-FP-CIT DaT SPECT image in a patient with cortico-
basal degeneration. There is uniform striatal reduction in tracer activ-
ity with marked hemispheric asymmetry on the left. However, in
many cases, imaging appearances can be indistinguishable from those
in idiopathic Parkinson disease, MSA, or PSP. Image courtesy of Dr
Robe:sto Ceravolo, Department of Neurosciences, University of Pisa,
Italy.

smaller than that in control and idiopathic Parkinson disease
groups.” In the parietal lobe of those with dementia with Lewy
bodies, DTT appears to show reduced fractional anisotropy com-
pared with control or Alzheimer disease groups.® While in the
occipital lobe of patients with dementia with Lewy bodies, com-
pared with patients with Alzheimer disease, hypoperfusion and
hypometabolism are demonstrated by reduced hexamethylpro-

pylene amine oxime and '*F-FDG uptake, respectively.>>>°

DaT-SPECT in Dementia with Lewy Bodies
Postmortem studies have shown normal levels of putaminal do-
pamine in Alzheimer disease compared with a 72% reduction in
dementia with Lewy bodies.”” This finding is reflected in DaT-
SPECT studies that show an asymmetric reduction in DAT bind-
ing in dementia with Lewy bodies compared with a normal ap-
pearance in Alzheimer disease, allowing differentiation with 90%
positive predictive value (Fig 9).>*® It is particularly important to
exclude dementia with Lewy bodies if the patient requires treat-
ment for hallucinations. Otherwise, a parkinsonian crisis may be
precipitated in a patient with dementia with Lewy bodies because
some neuroleptic drugs block the postsynaptic D, receptor,
thereby exacerbating the shortage of dopamine within the synap-
tic cleft. More than half of such patients
will have severe adverse reactions, some of
which are fatal.*®
DaT-SPECT does not allow idiopathic
Parkinson disease with dementia (an ar-
bitrary definition of dementia developing
at least 1 year after the diagnosis of idio-
pathic Parkinson disease) and dementia
with Lewy bodies to be distinguished.”®

Other DaT SPECT Imaging Features

Idiopathic Parkinson Disease versus Vas-
cular Parkinsonism. Because vascular le-
sions are often incidental findings in pa-
tients with idiopathic Parkinson disease,
it is often difficult to diagnose parkinson-

FIG 9. Axial *I-FP-CIT DaT-SPECT images in a patient with dementia with Lewy bodies (A) and
a patient with Alzheimer disease (B). Note that the DaT-SPECT study helped to distinguish the 2
causes of dementia with the patient with dementia with Lewy bodies exhibiting a Catafau and
Tolosa® type 3 pattern of abnormal striatal uptake; in contrast, the patient with Alzheimer
disease demonstrates normal striatal uptake. Images from both patients have low gain as dem-
onstrated by low background activity.

FIG 10. Axial "*I-FP-CIT DaT-SPECT (A) and axial MR imaging FLAIR sequence (B) of the brain in
the same patient with vascular parkinsonism. Note that the DAT-SPECT study has normal find-
ings with symmetric, intense uptake in the caudate nuclei and putamina. This effectively ex-
cludes a nigrostriatal degenerative cause of parkinsonism. Consistent with ischemic disease, the
MR imaging demonstrates diffuse T2-weighted hyperintensities in the striatum and in the
periventricular and subcortical white matter.

ism secondary to vascular lesions (vascu-
lar parkinsonism). Criteria for the diag-
nosis of vascular parkinsonism have been
described by Zijlmans et al*® following a
detailed clinical and neuropathologic
analysis of the condition. The authors
proposed that the diagnosis of vascular
parkinsonism could be made if the fol-
lowing clinicoradiologic features were
present: 1) bradykinesia with at least 1 of
the following: resting tremor, rigidity, or
postural instability; 2) cerebrovascular
disease demonstrated either on CT/MR
imaging or by the presence of focal clini-
cal signs of stroke; and 3) a relationship
between the 2 disorders: specifically, an
acute or delayed progressive onset with
infarcts in or near areas that can increase
the basal ganglia motor output (globus
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pallidus or substantia nigra pars compacta) or decrease the
thalamocortical drive directly (thalamus or large frontal lobe in-
farct), or an insidious onset of parkinsonism with extensive sub-
cortical white matter lesions, bilateral symptoms at onset, and the
presence of an early shuffling gait or cognitive dysfunction.
These criteria, even when applied to the retrospective sample
from which they were derived, are not 100% sensitive. DaT-
SPECT has, therefore, been used to help establish the diagnosis of
vascular parkinsonism because the nigrostriatal dopaminergic
pathway is typically unaffected,” and consequently, the DaT
binding will not be reduced as in idiopathic Parkinson disease.””
The caveat is that occasionally a massive vascular infarct within
the striatum can cause moderate nigrostriatal degeneration®’;
therefore, though infrequent, marked asymmetry can be evident
on DaT-SPECT. Nonetheless, in the absence of postsynaptic
causes of parkinsonism (eg, drug-induced) and the presence of
vascular lesions on CT/MR imaging (eg, a “punched out” lesion
characteristic of an infarct or the diffuse white matter disease of
ischemia), in an appropriate clinical context, normal DaT-SPECT

FIG 1. Axial I-FP-CIT DaT-SPECT image from a patient with schizo-
phrenia on neuroleptic medication. The patient presented with ex-
trapyramidal signs. If the patient’s clinical signs were purely due to the
side effects of neuroleptic medication, then the DaT-SPECT study
findings would be normal. However, in this case, there is absent pu-
taminal uptake bilaterally and asymmetric caudate nuclei uptake
(Catafau and Tolosa? type 2), indicative of coexistent idiopathic Par-
kinson disease, MSA, or PSP.

FIG12. Axial "|I-FP-CIT DaT-SPECT image (A) and axial T2*-weighted MR imaging sequence (B) in
the same patient with neuroacanthocytosis. The patient presented with parkinsonian features.
Note the asymmetric reduction of "I-FP-CIT uptake in the left putamen. MR imaging depicts
marked hypointensity in the caudate nuclei and putamina, indicative of iron deposition, which

is a feature of neuroacanthocytosis.
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findings are diagnostic of vascular parkinsonism (Fig 10)." Over-
all, a meta-analysis of the diagnostic differentiation of idiopathic
Parkinson disease and vascular parkinsonism by using DaT-
SPECT demonstrated a sensitivity of 80%—100% and a specificity
of 73%-100%.%

Idiopathic Parkinson Disease versus Drug-Induced Parkin-
sonism. Drugs that have a competitive antagonistic effect on the
postsynaptic D, receptors, such as neuroleptics (eg, olanzapine)
and centrally acting antiemetics (eg, metoclopramide), can cause
parkinsonism, which is usually reversible. Clinically, it can be very
difficult to distinguish drug-induced parkinsonism from idio-
pathic Parkinson disease.! However, in contrast to idiopathic
Parkinson disease, DaT-SPECT imaging has either normal
findings or depicts increased striatal DAT activity, the latter
suggesting a compensatory up-regulation of DaT in response
to D, receptor blockade.”®®' Of clinical importance is the
masking of early idiopathic Parkinson disease in patients with
schizophrenia on neuroleptic medication. In these cases, the
DaT-SPECT study findings will be abnormal, in keeping with
coexistent idiopathic Parkinson disease (or another neurodegen-
erative parkinsonian syndrome) (Fig 11).

Idiopathic Parkinson Disease and Essential Tremor. Typically, the
unilateral resting tremor of idiopathic Parkinson disease can be
distinguished from the symmetric essential tremor on clinical
grounds, especially when there are other signs of parkinsonism.
However, clinical confusion may occur when the 2 diagnoses co-
exist or when there are equivocal parkinsonian features. In these
cases, DaT-SPECT discriminates essential tremor and idiopathic
Parkinson disease because patients with essential tremor consis-
tently have, effectively, normal striatal DaT binding.'®>®*%¢
Indeed, in a meta-analysis of the diagnostic differentiation of es-
sential tremor and idiopathic Parkinson disease using DaT-
SPECT, the study with the lowest sensitivity and specificity reported
percentages of 80% and 95%, respectively.>> Recently, DaT-SPECT
has challenged the view that essential tremor has absolutely no patho-
physiologic effect on dopaminergic trans-
mission because a slight reduction in cau-
date DaT binding has been noted.®>

Rare Causes of Parkinsonism

Nigrostriatal degeneration may also be
seen in other, rarer, causes of parkinson-
ism. Wilson disease demonstrates striatal
DaT-SPECT reduction comparable with
that in idiopathic Parkinson disease.®’
Similarly, reductions in DaT binding
are seen in sporadic amyotrophic
lateral sclerosis.®* Neuroacanthocytosis
encompasses a heterogeneous group of
disorders characterized by the association
of neurologic abnormalities with red cell
acanthocytosis. They are categorized into
2 groups based on the presence or absence
of movement disorders. In patients with
neuroacanthocytosis  presenting with
movement disorders, there is underlying
degeneration of the striatum.®> There-



fore, it can be inferred that DaT-SPECT imaging is likely to be
abnormal in these cases (Fig 12).

In conclusion, dopamine-transporter imaging, in particular
DaT-SPECT, reliably distinguishes neurodegenerative causes of
parkinsonism (idiopathic Parkinson disease, MSA, PSP, and
CBD) from parkinsonism without nigrostriatal DaT loss (such as
essential tremor, vascular parkinsonism, and drug-induced par-
kinsonism). DaT-SPECT alone cannot differentiate the disorders
within the neurodegenerative group, whereas initial studies using
a combination of radiotracers or other advanced imaging tech-
niques appear promising. DaT-SPECT also helps to differentiate
dementia secondary to Lewy body deposition and Alzheimer dis-
ease, thereby avoiding a potential treatment-induced parkinso-
nian crisis. It is hoped that this technique will be the forerunner of
arange of routinely used, process-specific ligands that can identify
early degenerative disease and subsequently guide disease-modi-
fying interventions.

ACKNOWLEDGMENTS
The authors thank Dr Jonathan Hart for help in manuscript
preparation.

Disclosures: Ann-Marie Quigley—RELATED: Other: Travel, hotel and conference
fees were paid by Novartis to attend the European Neuroendocrine Tumor Society
2013 meeting; travel and hotel paid by Nordion to attend the TheraSphere User
Group in 2013; No fees were paid to me or my institution. Adam D. Waldman—
UNRELATED: Consultancy: Bayer Healthcare, Payment for Lectures (including ser-
vice on Speakers Bureaus): Bayer Healthcare, Siemens Healthcare, Comments: fees
for lectures on education courses, Travel/Accommodations/Meeting Expenses Un-
related to Activities Listed: Bayer Healthcare, Comments: expenses for attendance
at meetings for discussion groups and consultancy. John Buscombe—UNRELATED:
Consultancy: Navidea, Comments: for work on Medicines and Healthcare Products
Regulatory Agency submission, Travel/Accommodations/Meeting Expenses Unre-
lated to Activities Listed: BTG, Comments: to learn about TheraSpheres, Germany,
February 2014. Anthony H. Schapira—RELATED: receives Medical Research Council
and Wellcome Trust funding.

REFERENCES

1. Scherfler C, Schwarz J, Antonini A, et al. Role of DAT-SPECT in the
diagnostic work-up of parkinsonism. Mov Disord 2007;22:1229-38

2. Catafau AM, Tolosa E. Impact of dopamine transporter SPECT us-
ing '’I-Ioflupane on diagnosis and management of patients with
clinically uncertain parkinsonian syndromes. Mov Disord
2004;19:1175-82

3. Quinn N. Multiple system atrophy: the nature of the beast. ] Neurol
Neurosurg Psychiatry 1989(suppl):78 -89

4. Papp MI, Lantos PL. The distribution of oligodendroglial inclu-
sions in multiple system atrophy and its relevance to clinical symp-
tomatology. Brain 1994;117:235-43

5. Schrag A, Good CD, Miszkiel K, et al. Differentiation of atypical
parkinsonian syndromes with routine MRI. Neurology 2000;54:
697-702

6. Nicoletti G, Fera F, Condino F, et al. MR imaging of middle cerebel-
lar peduncle width: differentiation of multiple system atrophy
from Parkinson disease. Radiology 2006;239:825-30

7. Ghaemi M, Hilker R, Rudolf], et al. Differentiating multiple system
atrophy from Parkinson’s disease: contribution of striatal and mid-
brain MRI volumetry and multi-tracer PET. ] Neurol Neurosurg Psy-
chiatry 2002;73:517-23

8. Brenneis C, Seppi K, Schocke MF, et al. Voxel-based morphometry
detects cortical atrophy in the Parkinson variant of multiple system
atrophy. Mov Disord 2003;18:1132-38

9. SchulzJB, Skalej M, Wedekind D, et al. Magnetic resonance imaging-
based volumetry differentiates idiopathic Parkinson’s syndrome

from multiple system atrophy and progressive supranuclear palsy.
Ann Neurol 1999;45:65-74

10. Schocke MF, Seppi K, Esterhammer R, et al. Diffusion-weighted MRI
differentiates the Parkinson variant of multiple system atrophy
from PD. Neurology 2002;58:575—80

11. Nicoletti G, Lodi R, Condino F, et al. Apparent diffusion coefficient
measurements of the middle cerebellar peduncle differentiate the
Parkinson variant of MSA from Parkinson’s disease and progres-
sive supranuclear palsy. Brain 2006;129:2679—87

12. Ito M, Watanabe H, Kawai Y, et al. Usefulness of combined frac-
tional anisotropy and apparent diffusion coefficient values for de-
tection of involvement in multiple system atrophy. ] Neurol Neuro-
surg Psychiatry 2007;78:722-28

13. Watanabe H, Fukatsu H, Katsuno M, et al. Multiple regional 1IH-MR
spectroscopy in multiple system atrophy: NAA/Cr reduction in
pontine base as a valuable diagnostic marker. ] Neurol Neurosurg
Psychiatry 2004;75:103—09

14. Berg D, Godau J, Walter U. Transcranial sonography in movement
disorders. Lancet Neurol 2008;7:1044 55

15. Brooks DJ, Salmon EP, Mathias CJ, et al. The relationship between
locomotor disability, autonomic dysfunction, and the integrity of
the striatal dopaminergic system in patients with multiple system
atrophy, pure autonomic failure, and Parkinson’s disease, studied
with PET. Brain 1990;113:1539-52

16. Antonini A, Leenders KL, Vontobel P, et al. Complementary PET
studies of striatal neuronal function in the differential diagnosis
between multiple system atrophy and Parkinson’s disease. Brain
1997;120:2187-95

17. Briicke T, Asenbaum S, Pirker W, et al. Measurement of the dopami-
nergic degeneration in Parkinson’s disease with [123I] beta-CIT
and SPECT: correlation with clinical findings and comparison with
multiple system atrophy and progressive supranuclear palsy. ] Neu-
ral Transm Suppl 1997;50:9-24

18. Benamer TS, Patterson J, Grosset DG, et al. Accurate differentiation
of parkinsonism and essential tremor using visual assessment of
['?*1]-FP-CIT SPECT imaging: the ['**I]-FP-CIT study group. Mov
Disord 2000;15:503—10

19. Nocker M, Seppi K, Donnemiller E, et al. Progression of dopamine
transporter decline in patients with the Parkinson variant of mul-
tiple system atrophy: a voxel-based analysis of [123I]beta-CIT
SPECT. Eur ] Nucl Med Mol Imaging 2012;39:1012-20

20. Seeman P, Niznik H. Dopamine receptors and transporters in Par-
kinson’s disease and schizophrenia. FASEB ] 1990;4:2737—44

21. Costa DC, Verhoeff NP, Cullum ID, et al. In vivo characterisation of
3-iodo-6-methoxybenzamide '*’ in humans. Eur | Nucl Med
1990;16:813-16

22. Ichise M, Ballinger JR, Vines D, et al. Simplified quantification and
reproducibility studies of dopamine D,-receptor binding with io-
dine-123-IBF SPECT in healthy subjects. ] Nucl Med 1997;38:31-37

23. Churchyard A, Donnan GA, Hughes A, et al. Dopa resistance in mul-
tiple-system atrophy: loss of postsynaptic D, receptors. Ann Neurol
1993;34:219-26

24. van Royen E, Verhoeff NPLG, Speelman JD, et al. Multiple system
atrophy and progressive supranuclear palsy: diminished striatal
D,-receptor activity demonstrated by '*’I-IBZM single photon
emission computed tomography. Arch Neurol 1993;50:513-16

25. Schwarz J, Tatsch K, Gasser T, et al. 1231-IBZM binding compared
with long-term clinical follow up in patients with de novo parkin-
sonism. Mov Disord 1998;13:16—19

26. Yekhlef F, Ballan G, Macia F, et al. Routine MRI for the differential
diagnosis of Parkinson’s disease, MSA, PSP, and CBD. ] Neural
Transm 2003;110:151-69

27. Quattrone A, Nicoletti G, Messina D, et al. MR imaging index for
differentiation of progressive supranuclear palsy from Parkinson
disease and the Parkinson variant of multiple system atrophy. Ra-
diology 2008;246:214-21

28. Brenneis C, Seppi K, Schocke MF, et al. Voxel-based morphometry

AJNR Am J Neuroradiol 36:236—44  Feb 2015 www.ajnr.org 243



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

244

reveals a distinct pattern of frontal atrophy in progressive supranu-
clear palsy. J Neurol Neurosurg Psychiatry 2004;75:246—49

Price S, Paviour D, Scahill R, et al. Voxel-based morphometry de-
tects patterns of atrophy that help differentiate progressive su-
pranuclear palsy and Parkinson’s disease. Neuroimage 2004;23:
663-69

Blain CR, Barker GJ, Jarosz JM, et al. Measuring brain stem and
cerebellar damage in parkinsonian syndromes using diffusion ten-
sor MRI. Neurology 2006;67:2199-205

Seppi K, Schocke MF, Esterhammer R, et al. Diffusion-weighted im-
aging discriminates progressive supranuclear palsy from PD, but
not from the Parkinson variant of multiple system atrophy. Neurol-
ogy 2003;60:922-27

Brooks DJ, Ibanez V, Sawle GV, et al. Striatal D* receptors in patients
with Parkinson’s disease, striatonigral degeneration, and progres-
sive supranuclear palsy, measured with''C-raclopride and posi-
tron emission tomography. Ann Neurol 1992;31:184-92

Garraux G, Salmon E, Degueldre C, et al. Comparison of impaired
subcortico-frontal metabolic networks in normal aging, subcor-
tico-frontal dementia, and cortical frontal dementia. Neuroimage
1999;10:149-62

Antonini A, Benti R, De NR, et al. "**I-Ioflupane SPECT binding to
striatal dopamine transporter (DAT) uptake in patients with Par-
kinson’s disease, multiple system atrophy and progressive su-
pranuclear palsy. Neurol Sci 2003;24:149-50

Vlaar AM, van Kroonenburgh MJ, Kessels AG, et al. Meta-analysis of
the literature on the diagnostic accuracy of SPECT in parkinsonian
syndromes. BMC Neurol 2007;1:27

Koch W, Hamann C, Radau PE, et al. Does combined imaging of the
pre-and postsynaptic dopaminergic system increase the diagnostic
accuracy in the differential diagnosis of parkinsonism? Eur J Nucl
Med Mol Imaging 2007;34:1265-73

Kim Y]J, Ichise M, Ballainger JR, et al. Combination of dopamine
transporter and D, receptor SPECT in the diagnostic evaluation of
PD, MSA and PSP. Mov Disord 2002;2:303-12

Vlaar AM, de Nijs T, Kessels AG, et al. Diagnostic value of '**I-Iof-
lupane and '**I-iodobenzamide SPECT scans in 248 patients with
Parkinsonian syndromes. Eur Neurol 2008;59:258 - 66

Plotkin M, Amthauer H, Klaffke S, et al. Combined [***I]-FPCIT and
['**1]-IBZM SPECT for the diagnosis of parkinsonian syndromes:
study on 72 patients. ] Neural Transm 2005;112:677-92

Siidmeyer M, Antke C, Zizek T, et al. Diagnostic accuracy of com-
bined FP-CIT, IBZM, and MIBG scintigraphy in the differential
diagnosis of degenerative parkinsonism: a multidimensional statis-
tical approach. | Nucl Med 2011;52:733—40

Groschel K, Hauser TK, Luft A, et al. Magnetic resonance imaging-
based volumetry differentiates progressive supranuclear palsy
from corticobasal degeneration. Neuroimage 2004;21:714-24

Boxer AL, Geschwind MD, Belfor N, et al. Patterns of brain atrophy
that differentiate corticobasal degeneration syndrome from pro-
gressive supranuclear palsy. Arch Neurol 2006;63:81—86

Erbetta A, Mandelli ML, Savoiardo M, et al. Diffusion tensor imag-
ing shows different topographic involvement of the thalamus in
progressive supranuclear palsy and corticobasal degeneration.
AJNR Am ] Neuroradiol 2009;30:1482—87

Klaffke S, Kuhn AA, Plotkin M, et al. Dopamine transporters, D2
receptors, and glucose metabolism in corticobasal degeneration.
Mov Disord 2006;21:1724-27

Cilia R, Rossi C, Frosini D, et al. Dopamine transporter SPECT im-
aging in corticobasal syndrome. PLoS One 2011;6:¢18301

Pirker S, Perju-Dumbrava L, Kovacs GG, et al. Dopamine D2 recep-

Booth Feb 2015 www.ajnr.org

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

tor SPECT in corticobasal syndrome and autopsy-confirmed corti-
cobasal degeneration. Parkinsonism Relat Disord 2013;19:222-26
Stevens T, Livingston G, Kitchen G, et al. Islington study of dementia
subtypes in the community. Br ] Psychiatry 2002;180:270-76
AlaTA, Yang KH, Sung JH, et al. Hallucinations and signs of parkin-
sonism help distinguish patients with dementia and cortical Lewy
bodies from patients with Alzheimer’s disease at presentation: a
clinicopathological study. | Neurol Neurosurg Psychiatry 1997;
62:16-21

McKeith I, Fairbairn A, Perry R, et al. Neuroleptic sensitivity in pa-
tients with senile dementia of Lewy body type. BMJ 1992;305:
673-78

Ditter SM, Mirra SS. Neuropathologic and clinical features of Par-
kinson’s disease in Alzheimer’s disease patients. Neurology
1987;37:754—-60

Barber R, Gholkar A, Scheltens P, et al. Medial temporal lobe atrophy
on MRI in dementia with Lewy bodies. Neurology 1999;52:1153-58
Whitwell JL, Weigand SD, Shiung MM, et al. Focal atrophy in de-
mentia with Lewy bodies on MRI: a distinct pattern from Alzhei-
mer’s disease. Brain 2007;130:708—-19

Kenny ER, Burton EJ, O’Brien JT. A volumetric magnetic resonance
imaging study of entorhinal cortex volume in dementia with Lewy
bodies: a comparison with Alzheimer’s disease and Parkinson’s dis-
ease with and without dementia. Dement Geriatr Cogn Disord
2008;26:218-25

Firbank M]J, Blamire AM, Krishnan MS, et al. Diffusion tensor im-
aging in dementia with Lewy bodies and Alzheimer’s disease. Psy-
chiatry Res 2007;155:135—-45

Lobotesis K, Fenwick JD, Phipps A, et al. Occipital hypoperfusion on
SPECT in dementia with Lewy bodies but not AD. Neurology
2001;56:643—49

Gilman S, Koeppe RA, Little R, et al. Differentiation of Alzheimer’s
disease from dementia with Lewy bodies utilizing positron emis-
sion tomography with [18F]fluorodeoxyglucose and neuropsycho-
logical testing. Exp Neurol 2005;191:595-S103

Piggott MA, Marshall EF, Thomas N, et al. Striatal dopaminergic
markers in dementia with Lewy bodies, Alzheimer’s and Parkin-
son’s diseases: rostrocaudal distribution. Brain 1999;122:1449—-68
O’Brien JT, Colloby S, Fenwick J, et al. Dopamine transporter loss
visualized with FP-CIT SPECT in the differential diagnosis of de-
mentia with Lewy bodies. Arch Neurol 2004;61:919-25

Zijlmans JC, Daniel SE, Hughes AJ, et al. Clinicopathological inves-
tigation of vascular parkinsonism, including clinical criteria for di-
agnosis. Mov Disord 2004;19:630—40

Forno L. Reaction of the substantia nigra to massive basal ganglia
infarction. Acta Neuropathol (Berl) 1983;62:96-102

Sjeholm H, Bratlid T, Sundsfjord J. ['**I]-beta-CIT SPECT demon-
strates increased presynaptic dopamine transporter binding sites
in basal ganglia in vivo in schizophrenia. Psychopharmacology (Berl)
2004;173:27-31

Isaias IU, Marotta G, Hirano S, et al. Imaging essential tremor. Mov
Disord 2010;25:679—-86

Jeon B, Kim JM, Jeong JM. Dopamine transporter imaging with
['*’I]-beta-CIT demonstrates presynaptic nigrostriatal dopami-
nergic damage in Wilson’s disease. ] Neurol Neurosurg Psychiatry
1998;65:60—-64

Borasio GD, Linke R, SchwarzJ, et al. Dopaminergic deficit in amyo-
trophic lateral sclerosis assessed with [I-123] IPT single photon
emission computed tomography. | Neurol Neurosurg Psychiatry
1998;65:263—-65

Ichiba M, Nakamura M, Sano A. Neuroacanthocytosis update. Brain
Nerve 2008;60:635—41



EXPEDITED PUBLICATION
PEDIATRICS

MRI Findings in Children with Acute Flaccid Paralysis and
Cranial Nerve Dysfunction Occurring during the 2014
Enterovirus D68 Outbreak

J.A. Maloney, D.M. Mirsky, K. Messacar, S.R. Dominguez, T. Schreiner, and N.V. Stence
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ABSTRACT

BACKGROUND AND PURPOSE: Enterovirus D68 was responsible for widespread outbreaks of respiratory illness throughout the United States in
August and September 2014. During this time, several patients presented to our institution with acute flaccid paralysis and cranial nerve dysfunction. The
purpose of this report is to describe the unique imaging findings of this neurologic syndrome occurring during an enterovirus D68 outbreak.

MATERIALS AND METHODS: Patients meeting a specific case definition of acute flaccid paralysis and/or cranial nerve dysfunction and
presenting to our institution during the study period were included. All patients underwent routine MR imaging of the brain and/or spinal
cord, including multiplanar T1, T2, and contrast-enhanced Tl-weighted imaging.

RESULTS: Eleven patients met the inclusion criteria and underwent MR imaging of the brain and/or spinal cord. Nine patients presented
with brain stem lesions, most commonly involving the pontine tegmentum, with bilateral facial nerve enhancement in 1 patient. Ten
patients had longitudinally extensive spinal cord lesions; those imaged acutely demonstrated involvement of the entire central gray
matter, and those imaged subacutely showed lesions restricted to the anterior horn cells. Ventral cauda equina nerve roots enhanced in
4 patients, and ventral cervical nerve roots enhanced in 3, both only in the subacute setting.

CONCLUSIONS: Patients presenting with acute flaccid paralysis and/or cranial nerve dysfunction during the recent enterovirus D68
outbreak demonstrate unique imaging findings characterized by brain stem and gray matter spinal cord lesions, similar to the neuroimaging

findings described in previous outbreaks of viral myelitis such as enterovirus 71 and poliomyelitis.

ABBREVIATIONS: AFP = acute flaccid paralysis; EV-D68 = enterovirus D68; EV-71 = enterovirus 71

H uman enteroviruses are ubiquitous pathogens throughout
the world and cause a variety of disease states, including re-
spiratory infections, herpangina, hand-foot-and-mouth disease,
and aseptic meningitis. Enterovirus D68 (EV-D68), first identi-
fied in California in 1962, has been described primarily as a cause
of respiratory illness.>> More recently, however, rare cases of CNS
disease have been attributed to EV-D68.*>

In August and September 2014, EV-D68 was responsible for
widespread outbreaks of respiratory disease throughout the
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United States.® Against this backdrop, Children’s Hospital Colo-
rado noted an unusual number of cases of acute flaccid paralysis
(AFP) and cranial nerve dysfunction following a febrile upper
respiratory illness. This association led the Centers for Disease
Control and Prevention to issue a national Health Advisory,7 and
it was subsequently described in the Morbidity and Mortality
Weekly Report.®

Enteroviruses have been associated with neurologic syn-
dromes previously, most notably enterovirus 71 (EV-71). EV-71
most commonly presents with nonneurologic manifestations but
has been associated with multiple outbreaks of AFP and brain
stem encephalitis throughout the world.”"'> MR imaging in af-
fected patients typically reveals a rhombencephalitis affecting the
dorsal pons and medulla, and a radiculomyelitis with a predilec-
tion for the anterior horn cells of the spinal cord and ventral nerve
roots, findings that have also been described in poliomyelitis."®*°
Although EV-D68 has not been proved as the causative agent in
this cluster, these cases demonstrate distinctive imaging features
that are very similar to the neuroimaging presentation of both
EV-71 and poliovirus.
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We present an imaging-based report
describing in detail the MR imaging
findings of neurologic diseases associ-
ated with an EV-D68 outbreak.

MATERIALS AND METHODS
Patients

Patients who presented to our institu-
tion from August 1, 2014, to October 1,
2014, with symptoms of AFP and/or cra-
nial nerve dysfunction and with lesions
in the brain stem or spinal cord gray
matter on MR imaging were included.

MR Imaging

Imaging was performed on a 1.5T or 3T
Ingenia (Philips Healthcare, Best, the
Netherlands) ora 1.5T Avanto unit (Sie-
mens, Erlangen, Germany). Ten of 11
patients underwent MR imaging of the
brain, 7 had MR imaging of the entire
spine, 2 had MR imaging of the cervical
and thoracic spine only, and 1 had MR
imaging of the cervical spine only. One

FIG 1. Noncontrast FLAIR images through the dorsal pons demonstrate a variety of types of T2 patient did not undergo dedicated spine

hyperintensity. A, In patient 4, T2 hyperintensity in the dorsal pons (arrow) extends into the imaging. Parameters and specific se-
dentate nuclei. B, In patient 2, more focal and intense T2 signal is localized in the dorsal pons  quences of various MR imaging brain
(arrow). C, In patient 6, ill-defined and less intense signal in the dorsal pons extends to the dentate

nuclei (arrow). D, In patient 10, more focal and T2 hyperintensity is seen within the dorsal pons . . .
(arrow). each patient underwent isometric 3D

examinations were variable, though

T1-weighted gradient-echo imaging be-

FIG 2. Atypical appearance of CNS disease includes T2 hyperintensity localized to the substantia nigra in patient 3 (white arrows, A and B). In
patient 7, the facial nerves abnormally enhance bilaterally (white arrows, C) and the left ventral pons has an atypical T2 hyperintense focus (black
arrow, D). There is also more ill-defined hyperintensity in the dorsal pons (white arrow, D).
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fore and after intravenous administration of gadobenate dimeglu-
mine (TR, 8.19-8.79 ms; TE, 3.77-4.60 ms; NEX, 1; section
thickness, 1 mm), axial T2-weighted FSE (TR, 3500-10,000 ms;
TE, 80—-110 ms; NEX, 1 or 2; section thickness, 2—4 mm), FLAIR
imaging (TR, 4800-11,000 ms; TE, 125-330 ms; NEX, 2; section
thickness, 1 or 4 mm), and axial gradient echo T2*-weighted im-
aging (TR, 550-900 ms; TE, 23-26 ms; flip angle, 18°-20% NEX, 1
or 2; section thickness, 4 or 5 mm), or SWI (TR, 18.36—-19.34 ms;
TE, 25-27 ms; NEX, 1; section thickness, 2 mm). Spinal imaging
included precontrast axial and sagittal spin-echo T1-weighted
(TR, 450—-650 ms; TE, 8—10 ms; NEX, 2 or 3; section thickness, 3
mm), T2-weighted (TR, 3000-3500 ms; TE, 100-120 ms; NEX, 2
or 3; section thickness, 3 mm), and contrast-enhanced axial and
sagittal T1-weighted images. All scans were reviewed indepen-
dently by 3 fellowship-trained pediatric neuroradiologists.

RESULTS

Clinical Findings

Eleven patients met the inclusion criteria. The patient demo-
graphics, presenting symptoms, vaccination history, diagnostic
work-up, and clinical course have been detailed elsewhere (K.M.
et al, unpublished data, 2014) and are summarized in the On-line
Table. Briefly, patients presented with neurologic symptoms fol-
lowing a febrile upper respiratory illness, including limb weakness
in 8 patients and cranial nerve dysfunction in 9. Involved cranial
nerves were VI, VII, IX, X, XI, and XII.

Eight patients tested positive for rhinovirus/enterovirus in the
nasopharynx, 4 of which were subtyped as EV-D68 (On-line Ta-
ble). Findings of enteroviral polymerase chain reaction of the CSF
were negative in all patients. Testing for West Nile virus and other
arboviruses, herpes viruses, Mycoplasma pneumoniae, parechovi-
ruses, and poliovirus was also negative.

Imaging Findings

On MR imaging, lesions were identified in the brain stem in 9
patients. The pontine tegmentum was the most common site of
brain stem involvement, showing increased T2 signal in 8 cases
(Fig 1). A ventral pontine lesion in a ninth case was associated
with bilateral facial nerve enhancement (patient 7, Fig 2). Lesions
were identified in the midbrain in 2 cases, including the bilateral
substantia nigra in 1 case (patient 3, Fig 2), and in the medulla in
5 cases. The dentate nuclei were abnormally T2 hyperintense in 2
cases. No supratentorial lesions were identified.

Ten patients had spinal cord lesions involving the central gray
matter (On-line Table and Figs 3 and 4). The spinal cord lesions
consisted of either ill-defined, nonenhancing T2 hyperintensity
throughout the entire central spinal cord gray matter (Fig 3A-C)
or a more well-defined T2 hyperintensity confined to the anterior
horn cells (Fig 3D, -E). A single patient, patient 1, underwent both
acute (day 3) and subacute (day 38) imaging. In this case, the
pattern of spinal cord T2 hyperintensity evolved from diffuse cen-
tral gray matter involvement acutely to an anterior horn cell pat-
tern in the subacute phase (Fig 4). The cases with ill-defined dif-
fuse central gray matter involvement were all imaged earlier than
cases with well-defined anterior horn cell signal abnormality (me-
dian of 3 days after symptom onset versus 27.5 days, with no
overlap between groups). Cord lesions uniformly affected the cer-

FIG 3. A-C, In Patient 2 scanned at 2 days, the central cord hyperin-
tensity is more ill-defined and involves the entire central gray matter
(black arrows, A; white arrow, B). Nerve roots do not enhance (white
arrows, C). D—F, Patient 8, scanned at 25 days, demonstrates T2 hy-
perintensity confined to the anterior horn cells asymmetric to the left
(black arrow, D; white arrow, E) and nerve root enhancement (white
arrows, F).

vical spine, with decreasing involvement inferiorly. In 4 cases, the
lesions extended the entire length of the cord, from the cervi-
comedullary junction to the conus medullaris (Fig 4). All brain
and spinal cord lesions were nonenhancing.

Ventral cauda equina nerve root enhancement occurred in 4
patients (Fig 4), though only 3 had clinical findings of lower ex-
tremity weakness. Cervical nerve root enhancement at the levels
of spinal cord gray matter T2 hyperintensity and clinical weakness
was also detected in 3 patients. Those cases with nerve root en-
hancement were imaged later than those without (median of 27.5
days after neurologic symptom onset versus 3 days after symptom
onset, with no overlap between groups).

DISCUSSION

Rhombencephalitis and AFP have been reported as uncommon
complications of EV-71 infections.””'> Multiple case series have
described MR imaging findings in cases of EV-71 neurologic
disease, including nonenhancing dorsal brain stem T2 hyper-
intensity,”'""!>2°2% long-segment T2 hyperintensity of spinal
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FIG 4. A-D, Acute imaging performed at 2-3 days in patient 1 demonstrates T2 hyperintensity in the right dorsal pons (white arrow, A) and more
ill-defined central gray matter hyperintensity seen more commonly in the acute phase (white arrows, B and C; black arrows, D). E-I, Subacute
imaging of the spine performed in the same patient at 38 days demonstrates contraction of the cord T2 hyperintensity to focally involve the
anterior horn cells (black arrows, E; white arrows, Fand H) and nerve root enhancement of ventral cervical roots (white arrows, G) and the cauda

equina (white arrows, I).

11,15,20,23,25,26

cord anterior horn cells, nerve root enhance-

11,15,20-22,25

ment, enhancement of anterior horn cells or brain

11:13.20.24 and substantia nigra involvement.'* Similarly, sev-

stem,
eral case reports of MR imaging findings in poliomyelitis have also
described dorsal brain stem T2 hyperintensity,'® anterior horn
cell T2 hyperintensity,'”'>?”*® anterior horn cell enhance-
ment,'® and substantia nigra T2 hyperintensity.'®'”*° Some pub-
lished cases of AFP caused by West Nile virus have also reported
comparable imaging findings of anterior horn—predominant spi-
nal cord lesions and ventral nerve root enhancement.>®?' The
similarity of the MR imaging findings in this case series to these
past reports of virally mediated myelitis suggests a similar direct
viral pathogenic effect.

The brain stem was abnormal in most patients in our series,
and all of these patients presented with symptoms of cranial nerve
dysfunction (Fig 1 and On-line Table). This pattern of clinical
involvement in EV-71 neurologic disease has often been de-
scribed as brain

stem encephalitis or rhombencephali-

248 Maloney Feb 2015 www.ajnr.org

tis.>! 13292 Almost all patients presented with cervical spinal
cord T2 hyperintensities, and 9 reported weakness of =1 extrem-
ity (Fig 3 and On-line Table). This clinical and imaging pattern
has been described as AFP in prior case series of EV-71 neurologic
disease.l1115120123125126

As mentioned, imaging performed shortly after the onset of
CNS symptoms referable to the spinal cord usually demonstrated
ill-defined signal abnormality involving the entire central spinal
cord gray matter (Fig 3A—C), while the few patients who were
imaged subacutely showed more well-defined signal abnormality
confined to the anterior horn cells (Fig 3D, -E). We speculate that
this difference reflects maturation of the disease process, possibly
indicating permanent damage, which has been described previ-
ously in EV-71 infection.>

Other patients with less stereotyped findings include a single
patient with diplopia and cranial nerve VI palsies with bilateral
substantia nigra T2 hyperintensities (patient 3, Fig 2), which has
been described more frequently in poliomyelitis.'®'”*° Imaging



of another patient who presented with bilateral facial nerve palsies
revealed a small, nonenhancing ventral pons lesion and bilateral
facial nerve enhancement (patient 7, Fig 2). Although facial nerve
palsies are frequently reported in EV-71 infections,** to our
knowledge, this is the first report of both facial nerve enhance-
ment and a unilateral ventral pontine lesion in the context of
suspected enteroviral CNS disease.

Similar to the cases in our cluster, spinal nerve root enhance-
ment has been previously described in cases of EV-71 neurologic
disease.''>?°2>2% Nerve root enhancement is thought to result
from either breakdown of the blood-nerve endothelial barrier’*
or radicular vein enhancement.’” In the case of EV-71 neurologic
disease and the current series, possible etiologies could include
direct viral infection, inflammation related to Wallerian degener-
ation from anterior horn cell damage, or a postinfectious autoim-
mune inflammatory process, as is suspected in Guillain-Barre—
related enhancement.”*

Several imaging features argue against alternative, noninfec-
tious differential diagnoses. None of these patients presented with
supratentorial lesions, as are frequently seen in acute dissemi-
nated encephalomyelitis.>® The restriction of involvement to the
central gray matter in our series is not typical of the imaging or
clinical findings of idiopathic acute transverse myelitis (admit-
tedly a diagnosis of exclusion), which is typically described as
central, extensive spinal cord T2 hyperintensity, swelling, and le-
sion enhancement.”®?” Nerve root enhancement is also not typi-
cal of either acute disseminated encephalomyelitis or transverse
myelitis. While Guillain-Barre syndrome is characterized by nerve
root enhancement, cord and brain stem lesions are not typical
features.”*

Details on treatment of this cohort are described elsewhere
(K.M. et al, unpublished data, 2014). To date, most of these pa-
tients have residual deficits. Long-term outcomes are unknown.
Continued radiographic and neurologic follow-up will be critical
to our understanding of the course of this condition.

CONCLUSIONS

This series of children presenting with neurologic disease after a
respiratory illness during an EV-D68 outbreak shares a character-
istic pattern of MR imaging findings previously described in past
outbreaks of EV-71 neurologic disease, West Nile virus—associ-
ated AFP, and poliomyelitis. MR imaging findings in this series
include brain stem lesions preferentially involving the pontine
tegmentum, spinal cord lesions of the central gray matter acutely
and anterior horn cells subacutely, and cranial and spinal nerve
root enhancement. The marked similarity of these imaging find-
ings in our cohort of patients to those reported in EV-71, polio-
myelitis, and West Nile virus is very suggestive of a direct viral
effect. Recognition of these findings is critical to aid clinicians as
they consider therapeutic interventions.

Disclosures: Teri Schreiner—UNRELATED: Grants/Grants Pending: Environmental
and Genetic Triggers of Pediatric MS,* Comments: This is a National Institutes of
Health—funded study. | am in 1 of 14 sites that are participating in the study. Money
was paid via contract to the University of Colorado; Payment for Lectures (including
service on Speakers Bureaus): Consortium of MS Centers, Comments: | was paid
$500 (plus travel expenses) to provide a lecture at the annual meeting of the Con-
sortium of MS Centers in May 2014. *Money paid to the institution.
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Double Inversion Recovery MR Sequence for the Detection of
Subacute Subarachnoid Hemorrhage

J. Hodel, R. Aboukais, B. Dutouquet, E. Kalsoum, M.A. Benadjaoud, D. Chechin, M. Zins, A. Rahmouni, A. Luciani, J.-P. Pruvo,
J.-P. Lejeune, and X. Leclerc
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ABSTRACT

BACKGROUND AND PURPOSE: The diagnosis of subacute subarachnoid hemorrhage is important because rebleeding may occur with
subsequent life-threatening hemorrhage. Our aim was to determine the sensitivity of the 3D double inversion recovery sequence
compared with CT, 2D and 3D FLAIR, 2D T2*, and 3D SWI sequences for the detection of subacute SAH.

MATERIALS AND METHODS: This prospective study included 25 patients with a CT-proved acute SAH. Brain imaging was repeated
between days 14 and 16 (mean, 14.75 days) after clinical onset and included MR imaging (2D and 3D FLAIR, 2D T2*, SWI, and 3D double
inversion recovery) after CT (median delay, 3 hours; range, 2-5 hours). A control group of 20 healthy volunteers was used for comparison.
MR images and CT scans were analyzed independently in a randomized order by 3 blinded readers. For each subject, the presence or
absence of hemorrhage was assessed in 4 subarachnoid areas (basal cisterns, Sylvian fissures, interhemispheric fissure, and convexity) and
in brain ventricles. The diagnosis of subacute SAH was defined by the presence of at least 1 subarachnoid area with hemorrhage.

RESULTS: For the diagnosis of subacute SAH, the double inversion recovery sequence had a higher sensitivity compared with CT (P <.001),
2D FLAIR (P = .005), T2* (P = .02), SWI, and 3D FLAIR (P = .03) sequences. Hemorrhage was present for all patients in the interhemispheric
fissure on double inversion recovery images, while no signal abnormality was noted in healthy volunteers. Interobserver agreement was
excellent with double inversion recovery.

CONCLUSIONS: Our study showed that the double inversion recovery sequence has a higher sensitivity for the detection of subacute
SAH than CT, 2D or 3D FLAIR, 2D T2*, and SWI.

ABBREVIATIONS: IVH = intraventricular hemorrhage; DIR = double inversion recovery

ontraumatic subarachnoid hemorrhage accounts for 3% of
N all strokes, and 85% are related to a ruptured intracranial
aneurysm." CT is highly sensitive for the diagnosis of SAH at the
acute stage.” However, clinical symptoms may be atypical and
result in delayed admission. In such patients, the diagnosis of
subacute SAH is important because rebleeding may occur with
subsequent life-threatening intracranial hemorrhage.’
When performed several days after symptom onset, CT does not
appear reliable for the diagnosis of SAH*? and is outperformed by
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brain MR imaging in this setting.® Indeed, FLAIR MR imaging is
more sensitive than CT for SAH detection at both acute” and sub-
acute'® stages. 3D FLAIR is even more specific than 2D FLAIR by
reducing flow-related artifacts, which are known to provide false-
positive findings on 2D FLAIR."! Nevertheless, SAH can still be mis-
diagnosed by using FLAIR imaging due to the time interval after
onset'? or artifacts."*'* T2* gradient-echo sequences are useful for
subacute or chronic SAH depiction.>'>'® Susceptibility-weighted
imaging uses tissue magnetic-susceptibility differences to generate a
unique contrast, based on a 3D flow-compensated gradient-echo se-
quence.'” Previous studies have suggested that SWI could accurately
detect small amounts of SAH and intraventricular hemorrhage
(IVH).'®2° A recent study focusing on the detection of microbleeds
also demonstrated that SWT had a greater sensitivity for blood prod-
ucts than the conventional T2* sequence.>' However, no study avail-
able compares the diagnostic performance of T2* and SWI for the
detection of spontaneous SAH, to our knowledge.

Double inversion recovery (DIR) MR imaging is useful for the
detection of cortical lesions.>*>* This technique is based on a 3D
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Table 1: Demographic and clinical data at admission

Patients Controls

No. 25 20
Sex 16 M/9 F BM/7F
Age (yr) (mean) (range) 52 (28-71) 50 (26-69)
Fisher grading (mean) 3

Grade 1(No.) 5

Grade 2 (No.) 2

Grade 3 (No.) 6

Grade 4 (No.) 12
GCS (mean) (range) 14.1(10-15)
WENS score (mean) (range) 1.5 (1-4)

No vascular lesion (No.) 10

Brain aneurysm (No.) 15
Etiologic work-up (CTA and DSA)

ACA (No)) 6

MCA (No.) (right 2, left 2)

Right PcomA (No.)

Left vertebral artery (No.)
Left ICA (No.)
Basilar artery (No.)

[

Note:—GCS indicates Glasgow Coma Scale; WFNS, World Federation of Neurosur-
gical Societies; ACA, anterior communicating artery; PcomA, posterior communicat-
ing artery.

turbo spin-echo acquisition with variable refocusing flip angles
(BrainView, Philips Healthcare, Best, the Netherlands; Cube, GE
Healthcare, Milwaukee, Wisconsin; SPACE, Siemens, Erlangen,
Germany). DIR includes 2 inversion recovery pulses designed for
the suppression of both CSF and normal white matter.?* Data are
still not available on the value of 3D DIR for the detection of SAH.
The purpose of our study was to determine the sensitivity of the
3D DIR sequence compared with CT, 2D and 3D FLAIR, 2D T2*,
and 3D SWI sequences for the detection of subacute SAH.

MATERIALS AND METHODS

Patients and Brain Imaging

This prospective monocentric study was approved by our institu-
tional review board, and informed consent was obtained from all
patients or their representatives. The inclusion criteria were as
follows: 1) patient admitted for suspected SAH, 2) acute SAH
proved on the initial unenhanced CT scan or lumbar puncture
performed at the admission, and 3) Glasgow Coma Scale score
>10 (as required by the ethics committee). Patients with hydro-
cephalus or brain hematoma on the initial unenhanced CT scan
were excluded.

From October to December 2013, 40 consecutive patients
were diagnosed with acute and spontaneous SAH by using unen-
hanced CT. All CT scans were obtained at admission and were
reviewed by a neuroradiologist with 20 years of experience. The
diagnostic criterion for SAH on CT images was the presence of a
high-attenuation area within the subarachnoid spaces. No diag-
nosis was based on lumbar puncture during the inclusion period.
Of the 40 patients, 4 died and 11 had a Glasgow Coma Scale score
of <10, including 4 with a brain hematoma. Finally, 25 patients
fulfilled the inclusion criteria; demographic and clinical data are
summarized in Table 1.

The etiologic work-up included CT angiography at admission
and digital subtraction angiography (within the following 12
hours). Of the 25 patients, 15 presented with a ruptured intracra-
nial aneurysm, which was successfully treated by coils within 48
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hours after clinical onset. No patient was ventilated or received
high-inspired oxygen.

From 14 to 16 days (mean, 14.75 days) after clinical onset,
additional brain imaging was systematically performed, including
3T MR imaging (Achieva; Philips Healthcare) and repeated un-
enhanced CT (Somatom Sensation; Siemens) (median delay, 3
hours before MR imaging; range, 2—5 hours). Unenhanced spiral
CT was performed from the first cervical vertebra to the vertex,
with the following parameters: 120 kV; 350 mAs; collimation,
40 X 0.6 mm. To balance the study group, MR imaging was also
performed in 20 healthy volunteers who served as controls.
Healthy volunteers were scanned by using 3T MR imaging only,
with the same protocol as that used in the included patients. All
MR imaging examinations were performed at 3T by using a 32-
channel array head coil, without gadolinium chelate injection.
MR imaging protocol included diffusion-weighted imaging, 2D
and 3D FLAIR, 3D SWI, 2D T2%, and 3D DIR MR imaging. The
scan duration was 20 minutes. The parameters are summarized in
Table 2. The parameters of the 3D FLAIR sequence used in this
study were previously optimized for CSF suppression. We tested
different TR and TI values (ranging from 4000 to 8000 ms and
from 1500 to 2800 ms, respectively) in healthy volunteers. In this
study, we also used a similar TE value for 3D DIR and 3D FLAIR
sequences (near 260 ms) because high effective TE values are re-
ported to be more sensitive to increases in CSF protein concen-
tration.”® The voxel size and acquisition time were also similar.

Image Analysis

First, MR images of healthy volunteers were randomly inter-
spersed among the patient images. MR imaging interpretation
was conducted independently by 3 blinded neuroradiologists
with 25 (reader 1), 10 (reader 2), and 3 (reader 3) years of expe-
rience in neurovascular imaging.

For the detection of subacute SAH and IVH in each subject,
the readers assessed each set of images (2D FLAIR, 3D FLAIR, 2D
T2*, SWI, and DIR) separately in a randomized order. The inde-
pendent sessions of image interpretation were 1 week apart to
avoid recall bias. The readers were blinded to clinical data (patient
with SAH or healthy volunteer) and to the results of other imaging
modalities. Imaging criteria for hemorrhage at the subacute stage
were the following: for CT images, increased attenuation values
compared with the normal CSF; for DIR and FLAIR images, in-
creased signal intensity compared with the normal CSF; and for
T2* and susceptibility-weighted images, decreased signal inten-
sity compared with the normal CSF. Multiplanar analysis was
available for CT, 3D FLAIR, 3D SWI, and 3D DIR MR images,
including axial, coronal, and sagittal reformations. The 3D sus-
ceptibility-weighted images were available in both average mode
and minimum intensity projection.

For each subject and each set of images, the readers were asked
to assess visually the presence or absence of hemorrhage accord-
ing to a 2-point scale (0, no signal abnormality; 1, signal abnor-
mality) within 4 subarachnoid areas (basal cisterns, Sylvian fis-
sures, interhemispheric fissure, and brain convexity) and 1
ventricular area (including the fourth, the third, or the lateral
ventricles). The basal cisterns included the perimesencephalic and
prepontine cisterns and the cisterna magna.



Table 2: MR imaging sequence parameters

2D FLAIR 2D T2* 3D FLAIR 3D SWiI 3D DIR
Acquisition plane Axial Axial Sagittal Sagittal Sagittal
TR/TE (ms) 11,000/125 1077/16 4800/267 13/19 5500/255
Tl (ms) 2800 - 1650 - 2600/625
Acquired voxel size (mm) 0.8 X 14 X 4 09 X12X4 12 X 12 X 12 12 X12 X 12 12 X12 X 12
Bandwidth (Hz) 271 216 1433 172 1433
Echo-train length 31 - 182 - 173
No. of sections 36 36 280 280 280
SENSE 14 - 25 25 25
CLEAR Yes Yes Yes Yes Yes
Fat suppression No No SPIR No SPIR
Acquisition time 3min 3 min 3 min 20 sec 3 min 4 min
Note:—SENSE indicates sensitivity encoding; CLEAR, inhomogeneity correction; SPIR, spectral presaturation with inversion recovery.
Table 3: Interobserver agreement among readers 1, 2, and 3 for each set of images according to the area considered
MRI
CT 2D FLAIR 3D FLAIR 2D T2* 3D SWI 3D DIR
Total
R1vs R2 (95% CI) 1(1-1) 0.85(0.77-0.93) 0.79 (0.69-0.89) 0.84 (0.76-0.91) 0.79 (0.72-0.87) 0.94 (0.91-0.97)
R1vs R3 (95% Cl) 0.94 (0.85-1) 0.68 (0.57-0.79) 0.65(0.53-0.76) 0.74 (0.65-0.83) 0.64 (0.55-0.73) 0.90(0.87-0.93)

R2 vs R3 (95% Cl)
Subarachnoid

Interhemispheric
R1vs R2 (95% Cl)
R1vs R3 (95% Cl)
R2 vs R3 (95% Cl)

Sylvian fissures
Rlvs R2 (95% Cl)
R1vs R3(95% Cl)
R2 vs R3 (95% Cl)

Convexity
R1vs R2 (95% Cl)
R1vs R3 (95% Cl)
R2 vs R3 (95% Cl)

Basal cisterns
Rl vs R2 (95% Cl)
R1vs R3 (95% Cl)
R2 vs R3 (95% Cl)

Intraventricular

R1vs R2 (95% Cl)

R1vs R3 (95% Cl)

R2 vs R3 (95% Cl)

0.94 (0.85-1.02)

10-)
10-)
10-)

10-)
10-)
10-)

10-)
0.83 (0.60-1.07)
0.83(0.60-1.07)

1(4)
10-)
10-)

10-)
10-1)
1(-1)

070 (0.60-0.81)

0.91(0.74-1)
0.83(0.60-1.06)
0.91(0.74-1.08)

10-)
0.88 (0.66-1.11)
0.88 (0.66-1.11)

0.83(0.68-0.98)
0.61(0.42-0.81)
0.60 (0.40-0.79)

033(—0.33-0.98)
0.43(—0.07-0.92)
039 (—0.29-1.07)

10-)
0(—112-112)
0(-112-112)

0.70 (0.59-0.80)

0.83 (0.60-1)
0.76 (0.50-1.02)
076 (0.50-1.02)

10-1)
104)
1(4)

0.56 (0.27-0.84)
0.48(0.23-0.73)
0.56 (0.33-0.80)

070 (0.41-0.99)
0.25(—0.20-0.70)
030 (—0.17-0.77)

10-1)
0(—1.95-1.95)
0(—-1.95-195)

0.72 (0.63-0.81)

0.76 (0.54-0.98)
0.87 (0.70-1.05)
0.77 (0.56-0.99)

0.94(0.83-1)
10-)
0.94(0.83-1.06)

0.73(0.57-0.89)
0.60(0.42-0.78)
0.56 (0.37-0.74)

074 (0.39-1)
0.45 (—0.01-0.98)
074 (0.39-110)

10-)
0.66 (0.19-1.13)
0.66 (0.19-113)

0.73 (0.65-0.81)

0.68(0.44-0.92)
0.44 (0.11-0.77)
0.63(0.39-0.88)

0.82(0.63-1)
0.59 (0.31-0.86)
073 (0.50-0.96)

0.63 (0.43-0.84)
0.63 (0.44-0.83)
070 (0.55-0.86)

0.64(0.36-0.92)
0.25(—0.13-0.62)
0.41(0.09-0.73)

0.95 (0.85-1)
0.86 (0.70-1.02)
0.82 (0.64-1)

0.93 (0.91-0.96)

10-1)

10-1)

10-1)
0.95(0.88-1)

0.90 (0.81-1)
0.95(0.89-1.02)

—

0.90 (0.85-0.95)
0.87 (0.81-0.92)
0.90 (0.85-0.95)

0.94(0.88-1)
0.89 (0.82-0.97)
095 (0.90-1)

10-)
0(—138-138)
0(—138-138)

Note:—RI-R3 indicate readers 1-3; Total, all the subarachnoid and ventricular areas; Convexity, bilateral frontal, parietal, temporal, and occipital convexity areas; Basal cisterns,

perimesencephalic and prepontine cisterns and cisterna magna.

Statistical Analysis

Statistical analyses were performed by using SAS software, Ver-
sion 9.3 (SAS Institute, Cary, North Carolina). First, we evaluated
the level of interobserver agreement for the detection of signal
abnormalities by using CT and MR imaging (Cohen «k test). k
values between 0.4 and 0.6 suggested moderate agreement; k val-
ues between 0.6 and 0.8, good agreement; and values higher than
0.8, excellent agreement. Comparison of k values was performed.
Second, disagreements between readers were resolved in consen-
sus. Third, we compared the number of patients diagnosed with at
least 1 subarachnoid and/or ventricular area with subacute hem-
orrhage (diagnosis of SAH and IVH, respectively) among CT, 2D
FLAIR, 3D FLAIR, T2*, SWI, and DIR MR images by using the
McNemar x° test.

RESULTS
MR images were assessable for all subjects, with no motion
artifacts.

Interobserver Agreement

Detailed results are shown in Table 3. Interobserver agreement
was excellent with DIR for all the subarachnoid regions consid-
ered. Agreement between readers 1 and 2 was significantly better
with DIR than with 2D FLAIR (P = .03), 3D FLAIR (P = .002),
T2* (P <.001), and SWI (P < .001). Agreement between readers
1 and 3 and between readers 2 and 3 was significantly better with
DIR than with the other MR images (P < .001). Agreement be-
tween readers 1 and 2 was significantly improved by the use of 2D
FLAIR compared with 3D FLAIR for the detection of SAH at the
brain convexity (P = .02). Agreement between readers 1 and 3 was
significantly improved by the use of 3D FLAIR compared with 2D
FLAIR for the detection of SAH at the basal cisterns (P < .001).

Detection of Subacute SAH

Consensus results are summarized in Table 4. In healthy volun-
teers, there was no signal abnormality detected by any of the read-
ers by using DIR or other MR imaging.
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Table 4: Number of patients with at least 1 subarachnoid and/or
ventricular signal abnormality (diagnosis of SAH and IVH,
respectively) for each imaging modality after consensus among
readers

MRI

2D 3D 2D 3D 3D

CT FLAIR FLAIR T2* sSwi DIR

Patients with SAH 7 12 15 14 15 25
Interhemispheric? 0 6 7 13 15 25
Sylvian fissures® 4 4 4 9 8 7
Convexity® 3 8 8 10 1 19
Basal cisterns® 0 1 5 4 7 23
Patients with IVH 0 0 0 3 5 0

#Number of patients with at least 1 subarachnoid signal abnormality.

With DIR images, all patients presented with at least 2 sub-
arachnoid areas of SAH. Conversely, there were no subarachnoid
signal abnormalities in 15 patients on CT, 13 on 2D FLAIR, 11 on
T2%, and 10 on 3D FLAIR and SWI. Indeed, for the diagnosis of
SAH (ie, a patient with at least 1 area of subarachnoid signal ab-
normality), DIR was more sensitive than CT (P < .001), 2D
FLAIR (P = .005), 2D T2* (P = .02), SWI (P = .03), and 3D
FLAIR (P = .03). Regarding the diagnosis of SAH, there was no
significant difference among T2*, SWI, and 2D and 3D FLAIR.

For the diagnosis of SAH, there were 17 disagreements among
readers (ie, SAH detected by 1 reader but ruled out by the other 2
readers), including 2 disagreements with the T2* sequence, 5 with
2D FLAIR, 3 with 3D FLAIR, and 7 with 3D SWI. Reasons for
disagreement included the following: hypointensity judged after
consensus to be too faint or related to a vessel on T2* or SWI;
hyperintensity that could be related to CSF flow-related artifacts
on 2D FLAIR; and hyperintensity within the brain sulci judged
too subtle to diagnose SAH on 3D FLAIR. There was no disagree-
ment with the 3D DIR sequence.

Detection of Subacute IVH

On consensus analysis, T2* and SWI detected 3 and 5 patients,
respectively, with a small amount of bleeding in both occipital
horns of the lateral ventricles, while CT, 2D FLAIR, 3D FLAIR,
and DIR did not. SWI was more sensitive than CT and all other
MR imaging for the diagnosis of IVH (P = .03). However, T2* did
not prove to be significantly better than 2D and 3D FLAIR (P =
.08). The 5 patients with subacute IVH detected on SWI (4 men/1
woman; mean age, 52.6 years; range, 31-71 years) also had at least
2 subarachnoid areas with SAH on DIR images.

For the diagnosis of IVH (ie, at least 1 area with IVH), there
were 7 disagreements among the readers: 1 each with T2*, 2D
FLAIR, and 3D FLAIR MR images, and 2 each with 3D DIR and
3D SWI. Reasons for disagreement included hyperintensity on
DIR and FLAIR images that could be related to CSF transependy-
mal resorption.

Figure 1 shows the absence of artifacts or subarachnoid hyperin-
tensities on DIR images in a healthy volunteer. Figures 2—4 illustrate
the improved sensitivity of the 3D DIR sequence, in comparison with
other MR images, for the detection of subacute SAH.

DISCUSSION
Our study showed that the DIR sequence had a higher sensitivity
for the detection of subacute SAH than CT and conventional
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FIG1. Axial DIRimagesina37-year-old healthy volunteer showing the
basal cisterns (A and B) and the subarachnoid spaces at the brain
convexity (C). In all the healthy volunteers scanned with the DIR se-
quence, the CSF appeared hypointense without CSF flow-related ar-
tifacts (B, arrowheads). Note the regional variation of gray matter
signal intensity by using DIR, such as the difference between the pre-
frontal (C, arrows) and motor (C, arrowheads) cortices. The absence
of CSF signal abnormality on DIR images in all the healthy volunteers
and the strong agreement among readers suggest that the hyperin-
tensities observed in patients with SAH by using DIR were not linked
to artifacts.



FIG 2. Subacute SAH related to an aneurysm of the anterior communicating artery in a 42-year-old woman. No signal abnormality is visible on
3D FLAIR (A). SAH is visible by using axial SWI minimum-intensity-projection reformations in the right Sylvian fissure (B, arrows). The hypoin-
tensity visible in the left Sylvian fissure on SWI was considered a cortical vein by the 3 blinded readers by using both average and minimum-
intensity-projection reformations (B, arrowhead). On the axial T2* image, SAH is bilateral, involving the Sylvian fissures (C, arrows). The DIR
sequence reveals extensive SAH prevailing in the Sylvian fissures (D, arrows) and interhemispheric and occipital sulci (D, arrowheads).

brain MR imaging, including 2D FLAIR, 3D FLAIR, 2D T2*, and
3D SWI. DIR appeared reliable for all the subarachnoid regions,
while the sensitivity of the other imaging modalities was depen-
dent on the anatomic distribution of hemorrhage.

In patients with subacute SAH, CT revealed subarachnoid
high-attenuation abnormalities in only 7 of the 25 patients. This
finding is in agreement with previous studies demonstrating the
rapid attenuation changes according to the decreased concentra-
tion in hemoglobin in the time course of SAH.*” In our institu-
tion, CT is systematically performed 2 weeks after the onset to rule
out potential hydrocephalus or rebleeding.

The MR imaging appearance of SAH differs from that of cere-
bral hematoma because the SAH signal results from blood com-
bined with CSF.® Detection of SAH is related to the difference of
T1 and T2 relaxation times among blood, normal CSF, and brain
parenchyma. FLAIR is the reference method for the diagnosis of

SAH at the subacute stage due to CSF suppression, which im-
proves the image contrast. On FLAIR images, the subarachnoid
signal intensity is directly related to cellularity and protein lev-
els."* The T1-shortening effects of higher protein concentrations
in bloody CSF explain why SAH can be identified by using
FLAIR.®*® However, SAH can still be misdiagnosed by using
FLAIR imaging due to the time interval between symptom onset
and brain imaging'? or image artifacts.'>'*

T2* is considered useful for the diagnosis of subacute or
chronic SAH.®'® This sequence appears effective in detecting a
prior SAH indicating the location of a ruptured aneurysm.'® On
T2* images, SAH signal is dependent on the state of oxygenation
and the integrity of red blood cell walls. A limitation of the T2*
sequence is detection of SAH, particularly at the skull base. Most
interesting in the present study, SWI was not significantly better
than conventional T2* for the diagnosis of SAH. Indeed, as pre-
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FIG 3. Subacute SAH related to an aneurysm of the anterior communicating artery in a 63-year-old man. With 2D FLAIR (A), 3D FLAIR (B), or T2*
(C) images, no subacute hemorrhage is visible. Conversely, marked subarachnoid signal abnormalities along the anterior and posterior inter-
hemispheric sulci are observed by using DIR (D, arrows). SAH involving the parietal lobes is also visible (D, arrowheads).

viously suggested,? hypointense cortical veins may be difficult to
distinguish from SAH on both average and minimum-intensity-
projection SWI. In addition, by using SWI, the signal of SAH may
be similar to the low signal of CSF. This similarity may explain
why the interobserver agreement was significantly lower by using
T2* and SWI compared with DIR. However, in agreement with
previous studies,'>*° T2* and SWI were particularly useful for
detecting IVH, while FLAIR and DIR sequences failed to detect
small amounts of intraventricular bleeding. Such findings may
suggest that both SWI and DIR should be performed in patients
with suspected SAH.

The detection of SAH may be improved in 3 ways: 1) by re-
ducing vascular and CSF flow-related artifacts, 2) by enhancing
SAH-to-background contrast, and 3) by improving spatial reso-
lution. There are several potential advantages of using 3D se-
quences with thinner sections such as DIR for the detection of
SAH. First, the decrease in section thickness may improve SAH
detection by reducing the partial volume effects. Second, while 2D
sequences are prone to flow-related artifacts,”” 3D acquisition
mode dramatically reduces them by using thicker volume.*® In-
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deed, subarachnoid signal abnormalities observed on DIR images
cannot be related to slow arterial blood flow; this feature further
improves the specificity of this technique for the diagnosis of
SAH. Third, 3D sequences, with their higher SNR and isotropic
voxel size, allow image postprocessing with reformations in arbi-
trary planes, which, in turn, may improve the conspicuity of signal
abnormalities.

In our study, 3D DIR identified significantly more patients
with SAH than 3D FLAIR and 3D SWI performed with the same
voxel size, suggesting that DIR is inherently more sensitive for
detecting subacute SAH. As with FLAIR, DIR suppresses the CSF
signal, improving the depiction of local T1-shortening related to
SAH. The additional inversion recovery pulse, designed for white
matter suppression, may further improve the contrast between
SAH and brain tissue. The increased signal intensity of SAH ob-
served with DIR may also be related to a different dynamic range
of the signal that automatically displays optimized predefined val-
ues for window width and window level, with subsequent maxi-
mization of contrast among tissues of interest. Indeed, the com-
bination of 2 inversion recovery pulses with DIR appears



FIG 4. Subacute SAH related to an aneurysm of the left internal carotid artery in a 25-year-old woman. With 2D FLAIR images, the detection of
SAH is challenging due to potential CSF flow-related artifacts (A, arrow). With an axial average SWI reformat, a slight rim of hemorrhage is visible
within the interpeduncular fossa (B, arrow). On the 3D FLAIR image, SAH is subtle due to a lack of contrast (C, arrows). With DIR images, SAH is
obvious, with a marked hyperintensity within the interpeduncular fossa, vermis, and left Sylvian fissure (D, arrows). Note the marked signal

intensity of SAH with DIR compared with the other MR images.

particularly suitable for detecting SAH. Furthermore, DIR is also
less prone to susceptibility artifacts than T2* or SWI because of
the TSE readout used, explaining its reliability for detecting infra-
and supratentorial SAH. Indeed, the excellent interobserver
agreement with DIR may be related to an increased signal of SAH
combined with reduced artifacts.

Our study has several limitations. First, the diagnosis of SAH
relied on CT at admission, but there was no standard of reference
to determine the exact distribution of SAH at the subacute stage.
Therefore, we only analyzed the sensitivity for detecting subacute
SAH, instead of standard accuracy parameters. The drastic im-
provement in SAH detection with DIR may raise doubts about the
specificity of the subarachnoid signal abnormalities observed in
patients. All the areas with SAH visible on FLAIR, T2*, and SWI
were also detected with DIR. In addition, the absence of CSF sig-
nal abnormality on DIR images for all the healthy volunteers and
the excellent agreement among readers strongly suggest that the
DIR hyperintensities observed in patients were specific to SAH
and thus not related to artifacts. Because the DIR sequence allows
a clear delineation between the subarachnoid space and the cor-

tex, a cortical lesion would have been easily distinguished from
SAH. In vitro or experimental studies could be required to con-
firm these findings. Second, due to the study design, only patients
with Glasgow Coma Scale scores >10 at the time of admission
were included; this choice explained the relatively small number
of patients with subacute SAH. This drawback also explains the
small amount of SAH (Fisher 1 or 2) detected on CT performed at
admission in 7 of the 25 patients. However, such limited bleeding
may further highlight the improved sensitivity of the 3D DIR
sequence. Third, we did not evaluate the sensitivity of DIR at acute
or more delayed stages. The marked SAH hyperintensity observed
on DIR images may suggest that this sequence could also be useful
at the chronic stage. Because 15 of the 25 patients underwent
endovascular treatment, coils may have led to susceptibility arti-
facts, particularly when using T2* and SWI, which should temper
the claim of a fully blinded assessment.

Differences in voxel size and the availability of multiplanar
reformations were found among the 2D and 3D MR images. In-
deed, each sequence was optimized before the study to improve
the detection of SAH. Because we compared DIR with 2 other 3D
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sequences with the same voxel size (3D FLAIR and 3D SWI), our
results suggest that DIR may be inherently more sensitive for de-
tecting subacute SAH. It would have been possible to reformat the
3D sequences (FLAIR, SWI, and DIR) into axial sections that
matched the section thickness and acquisition plane of the 2D
images (FLAIR and T2*). However, such an approach would have
decreased the image quality and would not have fully used the
ability of 3D sequences to acquire thin sections with an optimal
signal-to-noise ratio.

CONCLUSIONS

Overall, the results of this study suggest that the DIR sequence
provides a greater sensitivity for the detection of SAH than CT, 2D
or 3D FLAIR, 2D T2*, and 3D SWI. DIR may be a promising tool
for the diagnosis of SAH in patients admitted several days after the
onset of symptoms.
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Combining MRI with NIHSS Thresholds to Predict Outcome in
Acute Ischemic Stroke: Value for Patient Selection
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ABSTRACT

BACKGROUND AND PURPOSE: Selecting acute ischemic stroke patients for reperfusion therapy on the basis of a diffusion-perfusion
mismatch has not been uniformly proved to predict a beneficial treatment response. In a prior study, we have shown that combining
clinical with MR imaging thresholds can predict clinical outcome with high positive predictive value. In this study, we sought to validate this
predictive model in a larger patient cohort and evaluate the effects of reperfusion therapy and stroke side.

MATERIALS AND METHODS: One hundred twenty-three consecutive patients with anterior circulation acute ischemic stroke underwent
MR imaging within 6 hours of stroke onset. DWI and PWI volumes were measured. Lesion volume and NIHSS score thresholds were used
in models predicting good 3-month clinical outcome (mRS 0-2). Patients were stratified by treatment and stroke side.

RESULTS: Receiver operating characteristic analysis demonstrated 95.6% and 100% specificity for DWI > 70 mL and NIHSS score > 20 to
predict poor outcome, and 92.7% and 91.3% specificity for PWI (mean transit time) < 50 mL and NIHSS score < 8 to predict good outcome.
Combining clinical and imaging thresholds led to an 88.8% (71/80) positive predictive value with a 65.0% (80/123) prognostic yield. One
hundred percent specific thresholds for DWI (103 versus 31 mL) and NIHSS score (20 versus 17) to predict poor outcome were significantly
higher in treated (intravenous and/or intra-arterial) versus untreated patients. Prognostic yield was lower in right- versus left-sided strokes
for all thresholds (10.4%—-20.7% versus 16.9%—40.0%). Patients with right-sided strokes had higher 100% specific DWI (103.1 versus 74.8 mL)
thresholds for poor outcome, and the positive predictive value was lower.

CONCLUSIONS: Our predictive model is validated in a much larger patient cohort. Outcome may be predicted in up to two-thirds of
patients, and thresholds are affected by stroke side and reperfusion therapy.

ABBREVIATIONS: AUC = area under the curve; IA = intra-arterial; PPV = positive predictive value; Tmax = time at which the scaled residue function reached its

maximum

Rleperfusion therapy improves outcomes of patients with acute
ischemic stroke."* The decision to treat is primarily determined
by the time from symptom onset. Use of IV-rtPA is restricted to the
3-' or 4.5-hour” time window, resulting in only 1%-7% of patients
receiving IV-rtPA.> Advanced neuroimaging provides information
about a patient’s physiology that may be useful to guide treatment
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decisions, especially in an extended time window. Selecting patients
for reperfusion therapy on the basis of the mismatch between lesions
in diffusion-weighted and perfusion images has been proposed,* but
this approach has not been uniformly proved to predict a beneficial
treatment response.”® On the basis of findings that patients with
DWI infarct volumes of >70 mL have poor outcome regardless of

treatment”'°

come,!!

and that the NIHSS score is a strong predictor of out-
we recently published a predictive model that combined
DWI and mean transit time lesion volumes with NTHSS score
thresholds to predict outcome in patients with anterior circula-
tion acute ischemic stroke.'> DWI lesion volume > 72 mL or
NIHSS score > 20 predicted poor outcome (mRS, 3—6), while
MTT lesion volume < 47 mL or NIHSS score < 8 predicted good
outcome (mRS, 0-2) with a high positive predictive value (PPV)
when used in combination, in two-thirds of patients.

In this study, we sought to validate our predictive model in a
larger, independent cohort of patients and investigated the effects of
reperfusion therapy and side of involvement on these thresholds.
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MATERIALS AND METHODS

Patient Selection and Assessment

We retrospectively examined the clinical and imaging data of con-
secutive patients with acute ischemic stroke admitted to our com-
prehensive stroke center. Inclusion criteria were the following: 1)
DWTI and PWI obtained within 6 hours of the patient being symp-
tom-free, 2) acute MCA stroke, 3) NIHSS score > 2, and 4) suf-
ficient clinical follow-up to determine the mRS score at 90 days.
This study was approved by our institutional review board. Re-
cords were maintained in compliance with the Health Insurance
Portability and Accountability Act.

We identified 198 patients with acute ischemic stroke who
underwent DWI and PWI within 6 hours. Seventy-five were ex-
cluded because of the lack of a follow-up mRS score (n = 28),
posterior circulation infarction (n = 29), calculation of perfusion
maps with a delay-sensitive deconvolution technique (n = 9), or
image quality insufficient for analysis (n = 9). The remaining 123
patients were included for further analysis. This cohort was inde-
pendent of the previously published cohort,'? without overlap. In
patients who received IV-tPA, treatment was started within 4.5
hours. In patients who received intra-arterial (IA) therapy, treat-
ment was initiated within 8 hours after symptom onset.

Admission NTHSS score was determined by a stroke neurolo-
gist. Clinical outcome was evaluated by using the mRS score 90
days after stroke onset, which was determined by a stroke neurol-
ogist in 59 instances (48%) and was retrieved from a neurologic
examination in the patient’s medical record for the remaining
patients. Patient outcomes were dichotomized into good (mRS
0-2) versus poor (mRS 3-6).

Image Acquisition, Postprocessing, and Analysis

MR imaging was performed on a 1.5T Signa scanner (GE Health-
care, Milwaukee, Wisconsin). DWI was performed with a single-
shot echo-planar spin-echo sequence with two 180° radiofre-
quency pulses. Three images per section were acquired at b=0
s/mm?, followed by 25 at b=1000 s/mm®. Imaging parameters
were TR/TE, 5000/80-110 ms; FOV, 22-cm; matrix, 128 X 128
zero-filled to 256 X 256; 5-mm thickness; 1-mm gap.

PWI was performed by using a dynamic-susceptibility technique.
Serial echo-planar gradient-echo images were acquired with TR/TE,
1500/40 ms; FOV, 22 cm; matrix, 128 X 128; section thickness, 5 mm
with a I-mm gap. Twenty milliliters of gadopentetate dimeglumine,
0.5 mmol/mL (Bayer HealthCare Pharmaceuticals, Wayne, New Jer-
sey), was injected intravenously at 5 mL/s, beginning 10 seconds after
scanning started, followed by 20 mL of normal saline.

PWI data were processed by using locally written, automated
software. Signal-versus-time curves for each pixel were converted
to A-R2-versus-time curves. CBV was calculated by integrating
the area under these curves; CBF, as the amplitude of the scaled
residue function yielded by delay-insensitive singular-value de-
convolution'?; Tmax, as the time at which the scaled residue func-
tion reached its maximum; and MTT, as CBV/CBF.

For quantitative measurement, visually detected DWI and
MTT abnormalities were segmented in randomized order by 2
experienced neuroradiologists blinded to clinical information by
using a semiautomated commercial analysis program (Analyze,
Version 7.0; (AnalyzeDirect, Overland Park, Kansas). Tmax maps
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were thresholded to 6 seconds. Absolute mismatch was defined as
MTT — DWI; percentage mismatch, as (MTT — DWI) / DWI X
100%.

Statistical Analysis

Statistical analysis was performed by using MedCalc for Win-
dows, Version 11.2.1 (MedCalc Software, Mariakerke, Belgium).
P values < .05 were considered significant. Clinical and imaging
data were compared by using the Student ¢ test or Mann-Whitney
U test, and categoric data, by using the x* test. Receiver operating
characteristics curves were calculated for DWI, MTT, Tmax, and
the NIHSS score relative to clinical outcome. Areas under the
curve (AUCs) were compared and stratified by reperfusion ther-
apy and stroke side. Prognostic yield was defined as the propor-
tion of patients fulfilling at least 1 threshold criterion.

RESULTS

Baseline Clinical and Imaging Characteristics, Treatment,
Outcomes, and Predictors of 3-Month mRS

Sixty-eight patients (55.3%) had good clinical outcome 90 days
after stroke onset (Table 1). There were no significant differences
in age, sex, right-hemisphere involvement, relative mismatch vol-
ume, or time from symptom onset to MR imaging between pa-
tients with good-versus-poor outcome. Median admission
NIHSS score was significantly higher (16 versus 7, P < .0001), and
mean DWI, MTT, Tmax, and absolute mismatch volumes were
significantly larger (63.4 versus 16.3, 189.9 versus 80.6, 217.3 ver-
sus 89.5, and 127.1 versus 64.9 mL, respectively; all P < .0001) in
patients with poor outcome. More patients with poor outcome
than with good outcome had proximal occlusions (ICA or MCA
M1) versus MCA M2/M3 or no identifiable occlusion (P <
.0001). Sixty-one patients (49.6%) received IV-tPA, and 25
(20.3%) received IA thrombolysis. Thirty-seven (30.1%) patients
did not receive IV or IA therapy.

Validation of the Previously Described Combined
Thresholds to Predict Outcome in Acute Ischemic Stroke
When applying the previously reported thresholds of DWI > 70
mL or NIHSS score > 20 to predict poor outcome and MTT < 50
mL or NIHSS score < 8 to predict good outcome to our patient
cohort, we found the following: Combining DWI with MTT (or
Tmax) led to 88.3% (or 87.9%) PPV, with 48.8% (or 47.2%)
prognostic yield (Table 2). For NTHSS score < 8 or >20, the PPV
was 94.3% with a 43.1% yield. Combining the NIHSS score with
imaging thresholds improved prognostic yield to 65.0%, higher
than that for NIHSS or DWI and MTT alone (P < .01), with a
high PPV (88.8%, 71/80 patients). Figure 1 shows scatterplots
of all patients dichotomized into good-versus-poor outcome
for the different thresholds. Receiver operating characteristic
analysis revealed 95.6% (87.6%—-99.1%) specificity and 36.4%
(23.8%—50.4%) sensitivity to predict poor outcome for DWI
volume > 70 mL. For MTT volume < 50 mL, 92.7% (82.4%—
98.0%) specificity and 50.0% (37.6%—62.4%) sensitivity to
predict good outcome were found. For Tmax volume <50 mL,
92.7% (82.4%-98.0%) specificity and 46.2% (33.7%-59.0%)
sensitivity to predict good outcome were found. AUCs were



Table 1: Baseline clinical and imaging characteristics, treatment, and predictors of

for untreated-versus-treated patients

3-month mRS (42.3%-35.1% versus 19.5%-10.4%,
i e Table 3). The mean DWI volume was
All Patients (n =123) (n=68) (n=55) P Value .
lower in untreated-versus-treated pa-
Age (yr) 69.8 +159 689+169 708 +147 727° ) .
Baseline NIHSS score 1(6-16) 7(5-15)  16(4-2075) <ooo@  tents with good outcome (9.2 % 1.7 ver-
Female sex 55 (44.7%) 31(45.6%) 24 (43.6%) 973> sus 19.8 £ 3.4 mL, P = .033), and the
Right hemisphere 74 (47.2%) 34 (50.0%) 24 (43.6%) 602° median NIHSS score (5 versus 9.5, P =
Time to MRI 3:57 £1:26 3:45*1:29 412 £1:20 .085°¢ .004, Fig 2A) was also lower. Probability
DWI volume (mL) 374477 16.3 £ 20.1 63.4 £58.2 <.0001* plots for poor outcome based on logistic
MTT volume (mL) 129.5 +101.3 80.6 =783 189.9 £ 941 <.00071° .
Tmax volume (mL) 1481+ 1149 89.5+865 273+1060 <ooor  regressionshow aflatter curve for treated
Absolute mismatch (mL) 927 + 814 649 =691 1271£829  <000P  Ppatients, which plateaus at approximately
Relative mismatch 8.7+ 216 109 =278 6.0*+88 5417 100-mL DWTI infarct volume. In contrast,
Reperfusion therapy None: 37 (30.1%) 22 (32.4%) 15 (25.4%) the curve plateaus at approximately 50
IV-tPA: 61 (49.6%) 36(52.9%)  25(45.5%) 200° 0 for untreated patients (Fig 2B).
IAT = IV-tPA: 25 (203%) 10 (14.7%) 15 (27.3%)
Occlusion level ICA: 24 (19.5% 6(8.8% 18 (32.7% . . .
MCA M$: 39 (331‘7%) 5 ((22‘]%3) 24 (( ~ 6%)) < 0001 Side of Im'/olvement Affects Clinical
MCA M2/3:36 (293%)  24(353%)  12(21.8%) and Imaging Thresholds o
None: 24 (19.5%) 23 (33.8%) 1(1.8%) The DWI threshold set at 95% SpeClﬁClty

Note:—IAT indicates intra-arterial thrombolysis.
#Mann-Whitney U test.

o Xz test.

€ Student t test.

Table 2: Validation of the previously described model combining clinical and imaging

thresholds to predict outcome in acute ischemic stroke

for poor outcome was lower with left-
sided (>51.8 mL) than right-sided
strokes (>98.5 mL), and NIHSS score
thresholds were higher (<9 or >20 versus
<5 or >16) when the left hemisphere was
affected. Prognostic yield was higher with

Positive Predictive Prognostic

strokes involving the left side: For DWI,

JUEE=e o REIEHE eIl the yield was 40.0%-16.9% versus
Poor outcome 20.7%-10.4%, and for NIHSS score, the
DWI > 70 mL 86.4° 17.9 .
NIHSS score > 20 100.0° 1.4 yield was 66.2%-38.5% versus 29.3%-—
Good outcome 1.7% (Table 4). Furthermore, the AUC
MTT < 0 mL 89.5° 30.9 was higher for DWI with left-sided
Tmax < 50 mL 88.9° 293 strokes (0.875 versus 0.706, P = .043),
NIH.SS scor e.< 8 92'3a 317 and there was a trend toward a higher
Combined clinical thresholds (NIHSS score) 943 431 AUC with the NTHSS 1
Combined imaging thresholds (DWI + MTT) 883 48.8 with the score (0.911 versus
Combined imaging thresholds (DWI + Tmax > 6 seconds) 87.9° 472 0.808, P = .077). The mean DWT volume
Combined clinical and imaging thresholds 88.8% 65.0° in patients with good outcome was

#No significant difference in PPV between any of the applied thresholds.

® Significantly increased over use of single parameters (P < .0001) and combined clinical or imaging thresholds

(P = 0.

0.802 * 0.04 for DWI, 0.816 = 0.039 for MTT, and 0.819 *+
0.039 for Tmax (all P < .0001).

Intravenous or Intra-Arterial Reperfusion Therapy
Affects Clinical and Imaging Thresholds

Stratification by reperfusion therapy (no IV/IA therapy versus
IV-tPA alone or IA recanalization = preceding IV-tPA) resulted
in similar NIHSS scores (11.0 = 7.9 versus 12.5 = 5.8, P = .23) as
well as DWI (44.5 * 55.0 versus 35.1 = 44.4 mL, P = .70), MTT
(110.3 £ 101.8 versus 137.8 = 100.6 mL, P = .17), and Tmax
mean lesion volumes (125.0 = 108.2 versus 157.6 = 116.9 mL,
P = .16). However, significant differences in receiver operating
characteristic curves and DWT and NIHSS score thresholds for
poor outcome were found. Setting specificity to 95% resulted in
optimal thresholds of >74.8 mL for DWI and >19 for the NIHSS
score. For untreated patients, optimal thresholds were lower:
>20.5 mL for DWTI and >15 for the NIHSS score. The AUC was
greater for DWI in untreated-versus-treated patients (0.935
versus 0.724, P = .011). Prognostic yield using DWI was higher

smaller in left- versus right-sided strokes
(Fig 3A). A probability plot for poor out-
come demonstrates better predictability
for left-sided strokes (Fig 3B). Scatter-
plots for good-versus-poor outcome show that with left-sided
strokes, no patient with an NIHSS score of >20 (or<<8) had good
(or poor) outcome, while for right-sided strokes, no patients with
NIHSS scores of >17 had good outcome, and some patients with
NIHSS scores of <8 had poor outcome (Fig 3B). PPV of our
model was 97.4% for left-sided strokes, and 82.1% for right-sided
strokes (P = .028).

Patients in Whom Imaging or Clinical Thresholds
Predicted Clinical Outcome Incorrectly

Three patients had poor outcomes despite an admission NTHSS
score of <8. All 3 had right-sided MCA strokes, and 2 had critical
ICA stenoses with substantial infarct growth after initial evalua-
tion (On-line Table and On-line Figure, patient 3). Three patients
had MTT abnormalities of <50 mL, but poor outcome. All 3 had
significant comorbidities and/or complicated recoveries. Also,
patient 5 (On-line Figure) had an infarct in the precentral gyrus,
a highly eloquent region strongly represented on the mRS
score. Three patients had DWI abnormalities of >70 mL but
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FIG 1. Baseline imaging volumes and NIHSS scores of patients with good (mRS 0-2) and poor
(mRS 3-6) clinical outcome at 90 days after stroke. Horizontal lines indicate the thresholds used
to predict outcome with DWI (A) (>70 mL MTT predicts poor outcome), NIHSS score (B) (<8 or
>20 predicts good or poor outcome, respectively), MTT (C) (<50 mL predicts good outcome),
and Tmax (D) (<50 mL predicts good outcome). The filled circles mark patients for whom
prediction was incorrect.

Table 3: Differences of clinical and imaging thresholds in patients receiving thrombolysis
versus untreated patients

No Reperfusion 1V and/or

Therapy IA Therapy P Value
DWI
AUC = SE for predicting poor outcome 0.935+0.06 0724 +0.05 .01
90% Specificity for poor outcome (prognostic yield) (mL) ~ >19.7 (42.3%)  >51.8(19.5%) .016*
95% Specificity for poor outcome (prognostic yield) (mL) ~ >20.5(40.5%) >74.8 (16.1%) .007%
>30.6(351%)  >1031(104%)  .003*
NIHSS score
AUC = SE for predicting poor outcome 0.903 +0.06  0.827 = 0.04 314
90% Specificity for poor outcome (prognostic yield) >12(37.8%) >16 (23.0%) 1422
95% Specificity for poor outcome (prognostic yield) >15(27.0%) >19 (14.9%) 182*
100% Specificity for poor outcome (prognostic yield) >17 (16.2%) >20(9.2%) 4147

2 P value for comparison among prognostic yields.

FIG 2. Baseline infarct volumes, clinical status, and probability for poor outcome in treated-
versus-untreated patients. A, Mean DWI volume (left) and NIHSS score (right) in patients
with good outcome stratified by treatment; asterisks indicate a significant difference.
B, Probability (determined by logistic regression) for poor outcome versus DWI plots be-
tween untreated and treated patients (black circles represent untreated; gray circles,
treated).

recoveries without significant infarct
extension). Two also had right-sided
strokes.

DISCUSSION

We have validated our previously de-
scribed predictive thresholds of DWI >
70 mL or NIHSS > 20 for poor outcome
of patients with acute ischemic stroke and
of MTT < 50 mL or NIHSS score < 8 for
good outcome, with a high PPV in this
much larger, entirely independent cohort.
In the 65% of patients who met at least 1
of these criteria, outcome was predictable
with an 89% PPV. Indeed, we identified
only 9 of 123 patients in whom an imag-
ing or clinical threshold predicted clinical
outcome incorrectly. Furthermore, we
extended our previous results by compar-
ing treated (with IV or IA therapy) versus
untreated patients and by comparing
right- versus left-sided strokes.

Factors involved in patient selection
for reperfusion therapy are nuanced and
are currently based on the time from on-
set and neurologic deficit. Advanced im-
aging may help to further refine these pa-
rameters and more appropriately select
patients for intervention. Currently, the
most frequently proposed advanced MR
imaging method to select patients for in-
travenous reperfusion therapy is the mis-
match between DWI and certain PWT le-
sion sizes.* Although some evidence

1415 it has not con-

supports this strategy,
clusively predicted a favorable treatment
response.”® In addition, relative mis-
match measurements fail to account for
the absolute sizes of the infarct core and
abnormally perfused areas.” In the
Echoplanar Imaging Thrombolytic Eval-
uation Trial (EPITHET), absolute Tmax
and DWI lesion volumes influenced the
response to reperfusion, but relative mis-
match did not."® Finally, DWI/PWI mis-
match does not reflect the patient’s clini-
cal status. Clinical status, as measured by
the NIHSS score, is an important inde-
pendent predictor of outcome'' and neu-
rologic worsening.'” In general, in our
predictive model, patients with DWT le-
sions of >70 mL or an NIHSS score of
>20 have a high likelihood of poor out-
come, and reperfusion therapy in these
patients may offer minimal or no clinical

good outcome. These were relatively young patients (26—45  benefit. Patients with MTT lesions of <50 mL or an NIHSS score

years of age) who all underwent reperfusion therapy (two-  of <8 have a high likelihood of good outcome. Aggressive treat-

thirds had received IA thrombolysis and had uncomplicated = ments may unnecessarily expose this group to the risks of invasive
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Table 4: Differences of clinical and imaging thresholds in patients stratified by affected cerebral hemisphere

Right Side Left Side P Value

DWI

AUC = SE 0.706 = 0.07 0.875 * 0.04 .043

90% Specificity for poor outcome (prognostic yield) (mL) >39.6 (20.7%) >23.4(40.0%) .034*

95% Specificity for poor outcome (prognostic yield) (mL) >98.5 (12.1%) >51.8(26.2%) .082°

100% Specificity for poor outcome (prognostic yield) (mL) >103.1(10.4%) >74.8(16.9%) 4352
NIHSS score

AUC £ SE 0.808 = 0.06 0.91 = 0.03 .077

90% Specificity for poor or good outcome (prognostic yield) >15 or <6 (29.3%) >17 or <10 (66.2%) <.0071°

95% Specificity for poor or good outcome (prognostic yield) >16 or <5 (17.2%) >20 or <9 (49.2%) <.001

100% Specificity for poor or good outcome (prognostic yield) >16 or <3 (1.7%) >20 or <7 (38.5%) <.001°

@ P value for comparison between prognostic yields.

FIG 3. Baseline infarct volumes, probability for poor outcome, and NIHSS score thresholds in left- versus right-sided strokes. A, Mean DWI
volume in patients with good outcome stratified by side of involvement. Asterisks indicate a significant difference. B, Probability (determined
by logistic regression) for poor outcome versus DWI plots between left- and right-sided strokes (left = black circles, right = gray circles). C,
NIHSS score scatterplots and thresholds stratified by side of involvement.

reperfusion therapy. The outcomes of the remaining 35% of pa-
tients, those with DWI volume of <70 mL, MTT volume of >50
mL, and an NIHSS score of >8 and <20, could not be predicted
accurately by initial clinical and imaging assessments; this finding
suggests that these patients may represent a group toward whom
early invasive therapy may be directed.

We hypothesized that patients who received IV thrombolytic
and/or IA recanalization therapy would have higher DWI and
NIHSS score thresholds for poor outcome than untreated pa-
tients. Indeed, the 100% specific DWI threshold for poor out-
come was 103 mL in treated compared with 31 mL in untreated
patients, and the 100% specific NITHSS score thresholds were sim-
ilarly 20 versus 17, respectively, suggesting that treated patients may
tolerate larger baseline infarcts. This suggestion is also supported by
significantly larger DWI lesions and higher NIHSS scores in treated-
versus-untreated patients with good outcome. An explanation for
this finding might be that in patients treated with reperfusion ther-
apy, infarcts grow less than in untreated patients. When predicting
good outcome with the NIHSS score, MTT, or Tmax, we did not find
conclusive evidence for differences by treatment. We did not further
stratify patients by different treatment strategies and recanalization
status (eg, IV-versus-IA thrombolysis) because recanalization status
was unknown in the 61 patients treated with IV therapy only and our
sample size was too small.

Because the dominant (usually left) hemisphere has important
functions represented in the mRS, we hypothesized that patients
with right-sided strokes would tolerate larger DWI lesions and
that our model would be less accurate. Indeed, the AUCs were
significantly higher for DWTI (0.88 versus 0.71, P = .04) with left-

sided strokes. The difference in AUC for the NIHSS score in left-
versus right-sided strokes also approached significance (0.91 ver-
sus 0.81, P = .08). Moreover, patients with right-sided strokes
could tolerate larger DWI lesions (100% specific DWI volume for
poor outcome = 103 versus 75 mL), and on average, patients with
right-sided strokes and good outcome had significantly larger
DWIl lesions (20 versus 10 mL, P <.05). No patient with an infarct
affecting the right hemisphere had an NIHSS score of >17, mak-
ing outcome prediction in these patients less reliable.

In the 9 patients for whom the above clinical or imaging
thresholds predicted outcome incorrectly, we identified 4 scenar-
ios: 1) Young patients undergoing reperfusion may do well with
DWI lesion volumes of >70 mL, in accordance with studies sug-
gesting better outcome in patients younger than 40 years of age.'®
2) Factors delaying rehabilitation or causing infarct growth, such
as comorbidities, complicated recovery, and irregular clinical
course, might lead to poor outcome despite MTT lesion volumes
of <50 mL. 3) Infarcts in areas affecting functions highly repre-
sented in the mRS score (eg, motor function in the precentral
gyrus) may result in poor outcome despite small MTT lesion vol-
umes. This possibility is underscored by a recent study, in which
infarct location on MR imaging correlated highly with outcome."®
4) NIHSS score and mRS are strongly biased toward dominant
(usually left) hemisphere functions. All patients with false predic-
tion based on an NIHSS score of <8 had right-sided infarcts, and
two-thirds of patients with infarct volumes of >70 mL and good
outcome had right-sided strokes. The challenges to prediction
represented by these variables are important to keep in mind
when evaluating patients for therapy.
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The limitations of our investigation are the consequences of
the retrospective design and have been described elsewhere.'?
Briefly, we could not obtain data such as reperfusion status, final
infarct volumes, and clinical status at day 30 for most patients.
There were variable treatments and variable times from stroke
onset to imaging and from imaging to follow-up clinical assess-
ment. Potential selection bias was related to using MR imaging,
the decision to offer thrombolysis, and our technical approach to
performing IA therapy. While assessment of Tmax maps was
based on a 6-second threshold, DWI and MTT lesions were out-
lined by visual estimation. Thresholds have been proposed to in-
crease reliability, but most studies demonstrating a clinical benefit
from perfusion imaging—based patient selection have used visual
estimation.’®'? No thresholding software is universally accepted,
and our data suggest that both methods can be used in our model
with similar yield and PPV. Finally, our method for measuring
DWI and PWI lesion volumes is too time-consuming for routine
clinical use. The faster ABC/2 volume estimation method based
on 3 orthogonal measurements, easily obtained on an MR imag-
ing scanner console, could be a feasible substitute.?°

CONCLUSIONS

The previously proposed predictive model combining DWI,
MTT, and NIHSS score thresholds is validated in a much larger
patient cohort. For acute ischemic stroke, thresholds applied to
acute DWI and MTT lesion volumes and NIHSS scores can be
used to predict good and poor clinical outcomes with a high PPV.
Our prediction model shows higher PPV in left-sided strokes.
Younger patients, those treated with IV and/or IA therapy, and
those with right-sided strokes may have good outcomes despite
larger DWT infarcts. Those treated with reperfusion therapy may
also tolerate a higher NIHSS score. These variables, alone and in
combination, may help guide decisions related to patient selec-
tion for therapy. Patients who do not meet these thresholds have
variable outcomes and may represent a target population for
more aggressive revascularization approaches.
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ORIGINAL RESEARCH
BRAIN

Diagnostic Yield of Emergency Department Arch-to-Vertex
CT Angiography in Patients with Suspected Acute Stroke

AR. Deipolyi, LM. Hamberg, R.G. Gonzaléz, J.A. Hirsch, and G.J. Hunter

ABSTRACT

BACKGROUND AND PURPOSE: Our aim was to investigate how often relevant diagnostic findings in an arch-to-vertex CTA scan,
obtained specifically as part of the acute stroke CT protocol, are located in the head, neck, and upper chest regions.

MATERIALS AND METHODS: Radiology reports were reviewed in 302 consecutive patients (170 men, 132 women; median ages, 66 and
73 years, respectively) who underwent emergency department investigation of suspected acute stroke between January and July
2010. Diagnostic CTA findings relevant to patient management were recorded for the head, neck, and chest regions individually.
Additionally, the contributions to the total CTA scan effective dose were estimated from each of the 3 anatomic regions by using
the ImPACT CT Dose Calculator.

RESULTS: Of the 302 patients, 161 (54%) had relevant diagnostic findings in the head; 94 (31%), in the neck; and 4 (1%), in the chest. The
estimated contributions to the total CTA scan dose from each body region, head, neck, and upper chest, were 14 + 2%, 33 = 5%, and 53 *
6%, respectively.

CONCLUSIONS: Most clinically relevant findings are in the head and neck, supporting inclusion of these regions in arch-to-vertex CTA
performed specifically in patients with acute stroke in the emergency department. Further studies are required to investigate extending
the scan to the upper chest because only 1% of patients in our study had clinically relevant findings in the mediastinum, yet half the CTA
effective dose was due to scanning in this region.

with acute stroke remain focused on noncontrast head CT and
1,16-17

n the evaluation of patients presenting to the emergency depart-

ment within 4.5 hours of the onset of acute stroke or strokelike ~ CTA evaluation only of the intracranial circulation.

symptoms, emphasis is placed on the immediate identification of Our primary purpose was to investigate the incidence of

inclusion and exclusion criteria for the administration of intrave-  diagnostically relevant findings reported in the head, neck, and

nous thrombolytic therapy.'® Subsequent investigation of risk  chest components of an arch-to-vertex CTA performed in the

factors for stroke is an elective process and typically does notbegin - emergency department as part of the immediate evaluation

until after the acute event has passed.”””

With improvement in CT technology, the limitations on scan
coverage of neurovascular CTA have relaxed, and single-pass im-
aging from the aortic arch to the skull vertex has become com-
monplace.'®'> Nevertheless, we have found no studies that eval-
uated benefit to the patient from this practice. Furthermore,
current guidelines for the emergency management of patients
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and triage of acute stroke. A secondary aim was to estimate the
individual contributions to the total effective dose in these
regions.

MATERIALS AND METHODS

Patient Population and Clinical Findings

This retrospective study was approved by our institutional review
body, waiving consent in accordance with the Health Insurance
Portability and Accountability Act. Included in the study were
adult patients with signs and symptoms of acute stroke who
presented to the emergency department between January 1 and
July 31, 2010, and who underwent acute stroke CT imaging as
part of their emergency diagnostic evaluation. There were no
exclusion criteria. From the electronic medical record, age,
weight, sex, NIHSS score at the time of presentation in the
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emergency department, and the treatment received were re-
corded for each patient.

All patients were included in the determination of the diagnos-
tic information from individual regions of the CTA. The radiol-
ogy reports were reviewed, and the presence and number of
relevant diagnostic findings in the head, neck, and chest por-
tions of the CTA scan were identified. Relevant diagnostic
findings were defined as follows: 1) in the head, any vascular
pathology affecting the intracranial circulation, for example,
>50% vessel stenosis, occlusion or partial occlusion of major
vessels, loss of gray-white differentiation in a vascular terri-
tory, aneurysm, tumor, or hemorrhage; 2) in the neck, >50%
stenosis of the common or internal carotid arteries, >70%
stenosis of the vertebral arteries, or dissection of any vessel;
and 3) in the chest, thrombus, dissection, or aneurysm of the
aorta >5 cm. If there was uncertainty about the meaning of a
report, joint review of both the report and the images was
undertaken to resolve it. For the purposes of stenosis catego-
rization, NASCET criteria were used.'®

CTA Imaging

CTA scanning was performed as part of the acute stroke CT pro-
tocol on either a 64- or 16-section multidetector row CT scanner
(LightSpeed VCT and LightSpeed Pro16; GE Healthcare, Milwau-
kee, Wisconsin). For the CTA, a single axial scan was acquired
through the aortic root and a region of interest was placed in the
ascending aorta for use with SmartPrep software (GE Healthcare),
a manufacturer-specific bolus-tracking method that allows con-
sistent timing of CTA imaging with respect to an individual pa-
tient’s contrast hemodynamics. Contrast material (iopamidol, Is-
ovue 370; Bracco Diagnostics, Princeton, New Jersey) was
injected in 2 phases: first, 60 mL at 4 mL/s, immediately followed
by 15 mL at 2 mL/s, followed by a 40-mL saline chase. The change
in Hounsfield unit number in the aortic region of interest was
monitored during injection; CTA imaging was triggered 10 sec-
onds after this change exceeded 75 Hounsfield units. On the 64-
section scanner, the scanning parameters for CTA were the fol-
lowing: 120 kV(peak) x-ray tube voltage, automatic tube-current
modulation, 32-cm scan FOV, 64 X 0.625 mm detector configu-
ration, 0.5-second gantry rotation time, a 0.52 pitch factor, and
40-mm beam width. On the 16-section scanner, the CTA scan-
ning parameters were the following: either 120 or 140 kVp x-ray
tube voltage, automatic tube current modulation, 25-cm scan
FOV, 16 X 0.625 mm detector configuration, 0.5-second gantry
rotation time, 0.94 pitch factor, and 10-mm beam width. For all
protocols, 1.25-mm images were reconstructed at 0.625-mm in-
tervals by using a 512 X 512 image matrix and the manufacturer’s
standard reconstruction kernel.

Effective Dose Estimation

Effective dose contributions for each protocol were estimated
by using the ImPACT CT Patient Dosimetry Calculator
(ImPACT, London, United Kingdom)."®">° This software uses
a mathematic, anthropomorphic phantom to represent an av-
erage-sized, 70-kg reference adult. If used for effective dose
estimation in smaller patients, the software underestimates the

266 Deipolyi Feb 2015 www.ajnr.org

FIGURE. Template for the anatomic landmarks used to determine
the head, neck, and chest regions. The red horizontal lines on the
sagittal reformat demonstrate the location of the 4 landmarks used:
the skull vertex (A), the top of the Cl arch (B), the bottom of the C7
vertebra (C), and the most inferior section scanned (D). The head
region was defined as between A and B; the neck region, between B
and C; and the chest region, between C and D.

effective dose, and in larger patients, it overestimates it. Thus,
only those patients in our cohort with weights within 10 kg of
the reference adult (60—80 kg) were included in the effective
dose analysis.

Because all 3 CTA protocols had the tube current modulation
option turned on, an average milliampere value used for the head,
neck, and upper chest region was determined for the patients
studied. This was facilitated by writing custom software (Visual
Studio 2010; Microsoft, Redmond, Washington) that obtained
the milliampere values for each section within a CTA series, to-
gether with their corresponding section location coordinates
from the DICOM headers. From these data, a milliampere value
was individually determined for each body region for all patients.

The body regions were determined by using anatomic land-
marks. The head region was counted from the skull vertex to the
top of the CI ring; the neck region was taken from the top of the
dens to the bottom of the C7 vertebra; and the chest region, from
the bottom of C7 to the lowest level scanned (Figure). The start
and end locations for each body region were recorded on our
institutional PACS system (Impax 5.3; Agfa-Gevaert, Mortsel,



Belgium) as the section location coordinates marking the relevant
body region boundaries.

Descriptive and comparative statistics and significance testing
(unpaired Student ¢ test) were performed by using Excel 2010
(Microsoft).

RESULTS

Of the 302 patients identified in the study period, there were 170
men (mean age, 65 years; median age, 66 years; range, 19-90
years) and 132 women (mean age, 69 years; median age, 73 years;
range, 23—100 years). Weight measurements were available in 267
patients (88%, 267/302) with a mean of 82 * 19 kg. There were
111 patients weighing 60—80 kg (42%, 111/267), with a mean of
71 * 6 kg. Data for these patients were used for estimation of
effective dose contributions.

In all patients, the average NIHSS score at the time of pre-
sentation to the emergency department was 7.7 (range, 0-26).
Ninety-three patients (31%, 93/302) were eligible for IV-tPA. Of
these, 63% (59/93) received IV-tPA; 37% did not because they fell
outside the time window for treatment (<4.5 hours), because
their lesion was too large (more than one-third of the MCA terri-
tory), or there were medical contraindications such as recent
trauma, systemic bleeding, or surgery; 6.6% of patients (20/302)
proceeded to intra-arterial therapy. The mean NIHSS score in the
intra-arterially treated group was 12.4, which was significantly
higher than that in the remaining patients who had an average
scale value of 7.3 (P < .01).

In the head portion of the CTA, 53% of patients (161/302) had
significant vascular-related pathology. In 78% of these patients
(129/161), the reported findings were directly relevant to the pa-
tient’s ischemic stroke symptoms, with vessel cutoff in the terri-
tory of the patient’s infarct.

In the neck portion of the CTA, relevant vascular pathology
was found in 31% of patients (94/302). Of these, 64% (60/94) had
atleast moderate internal carotid artery stenosis, 30% (28/94) had
significant vertebral artery stenosis, 6% (6/94) had both vertebral
and internal carotid arterial stenosis, and 4% (4/94) had internal
carotid or vertebral artery dissections.

In the upper chest, relevant vascular pathology was found in
1.3% of patients (4/302); this consisted of extensive aortic plaque
associated with moderate or severe stenosis of a common carotid
origin in all 4 cases.

The subset of 111 average-sized patients, for whom the body
region contributions to the total effective dose were estimated,
demonstrated a 14 = 2%, 33 = 5%, and 53 * 6% contribution to
the total effective dose from the head, neck, and chest regions,
respectively.

DISCUSSION

We have found that a very small minority of findings on neurovas-
cular CTA, performed expressly for the purposes of triage of pa-
tients with acute stroke symptoms, are in the chest. While some
neurointerventional experts argue for the routine inclusion of the
upper chest in an emergency department CTA, it is unclear how
often 3D road maps from the scan are actually available before
intra-arterial intervention. Increasing public awareness of poten-
tial radiation risks from medical x-rays has resulted in renewed

scrutiny of the radiation dose burden from CT scanning.>' We
found that approximately half of the effective dose from arch-to-
vertex CTA is due to the chest portion of the scan because of the
high radiosensitivity of the lungs.”> On the basis of our observa-
tions, the chest portion of the CTA does not appear to contribute
meaningfully to the management or triage of patients with
acute stroke; thus, an approximately 50% reduction in effective
dose could be achieved simply by limiting CTA to the vasculature
above the shoulders, without compromising patient care.

The present study is limited by its retrospective nature because
only the radiology report was used to determine the presence of
relevant findings in the 3 regions of the CTA. In the acute setting,
interpretation of the images by a neuroradiologist, as they appear
on the scanner console, happens in real- or near-real-time, meet-
ing the recommendations of the American Heart Association that
stipulate interpretation of imaging studies within 45 minutes of
patient arrival in the emergency department.' Discussion among
neuroradiology, neurointerventional, and neurology personnel at
that time will likely have a substantial impact on the chosen man-
agement pathway, yet it may not have been fully represented in
the final radiology report and thus may have been unavailable for
the present analysis. Thus, we may under-represent the actual
findings used at the time of treatment. Addressing this issue and
the issues of road-mapping before intra-arterial therapy and the
management value of the intrathoracic component of the CTA
would require prospective trials with appropriate power to an-
swer these questions definitively. Another potential limitation is
how well our study cohort represents the larger population of
patients with acute stroke. Given the low number of relevant pos-
itive findings in the chest in 302 patients, we believe it is unlikely
that substantially different results would be found in a larger study

group.

CONCLUSIONS

In summary, we found that CT angiography of the head, neck,
and upper chest performed in the emergency department, specif-
ically to manage patients with acute stroke symptoms, provided
diagnostically useful, potentially management-altering informa-
tion only from the head and neck components of the scan. No
information relevant to acute management of such patients was
forthcoming from the chest portion of the CTA, yet this compo-
nent accounted for approximately 50% of the effective dose of the
CTA scan. Further evidence-based studies are needed to more
fully evaluate these findings.

Disclosures: Joshua A. Hirsch—UNRELATED: Consultancy: CareFusion, Comments:
Received fees related to vertebral augmentation; Stock/Stock Options: stroke de-
velopment company.
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Do FLAIR Vascular Hyperintensities beyond the DWI Lesion
Represent the Ischemic Penumbra?

L. Legrand, M. Tisserand, G. Turc, O. Naggara, M. Edjlali, C. Mellerio, J.-L. Mas, J.-F. Méder, J.-C. Baron, and C. Oppenheim
bk |

ABSTRACT

BACKGROUND AND PURPOSE: In acute stroke with proximal artery occlusion, FLAIR vascular hyperintensities observed beyond the
boundaries of the cortical lesion on DWI (newly defined “FLAIR vascular hyperintensity—DWI mismatch”) may be a marker of tissue at risk
of infarction. Our aim was to compare the occurrence of FLAIR vascular hyperintensity-DWI mismatch relative to that of perfusion-
weighted imaging—DWI mismatch in patients with proximal MCA occlusion before IV thrombolysis.

MATERIALS AND METHODS: In 141 consecutive patients with proximal MCA occlusion, 2 independent observers analyzed FLAIR
images for the presence of FLAIR vascular hyperintensity—-DWI mismatch before IV thrombolysis. PWI-DWI mismatch was defined as
Volumey, ,operfusion = 1:8 X Volumep,y,, with Volumey, o oerfusion = 6 seconds on time to maximum value of the residue function maps in
the 94 patients with available PWI. The presence of FLAIR vascular hyperintensity—DWI mismatch, PWI-DWI mismatch, and infarct growth
on 24-hour follow-up DWI was compared.

RESULTS: A FLAIR vascular hyperintensity—DWI mismatch was present in 102/141(72%) patients, with an excellent interobserver reliability
(k = 0.91), and a PWI-DWI mismatch, in 61 of the 94 (65%) patients with available PWI. FLAIR vascular hyperintensity—DWI mismatch
predicted PWI-DWI mismatch with a sensitivity of 92% (95% Cl, 85%—99%) and a specificity of 64% (95% Cl, 47%—80%). Patients with FLAIR
vascular hyperintensity—DWI mismatch had smaller initial DWI lesion and larger infarct growth (P < .001) than patients without FLAIR
vascular hyperintensity—DWI mismatch, even though their final infarcts remained smaller (P < .001).

CONCLUSIONS: Albeit being moderately specific, probably due to inclusion of oligemic tissue, the FLAIR vascular hyperintensity—DWI
mismatch identifies large PWI-DWI mismatch with high sensitivity.

ABBREVIATIONS: DWI, = pretreatment lesions on DWI; DWI, = follow-up lesions on DWI; FVH = FLAIR vascular hyperintensity; Tmax = time to maximum value
of the residue function

dvances in MR imaging have recently allowed better charac-  the flow-void phenomenon caused by a loss of signal intensity

terization of tissue and vessel status in acute stroke. FLAIR  produced by the movement of blood. After an intracranial arterial

sequences are part of acute stroke MR imaging protocols in insti-
tutions using MR imaging as the first-line diagnostic tool." In
normal conditions, intracranial arteries are dark on FLAIR due to
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occlusion, FLAIR vascular hyperintensities (FVHs) are seen in
45%-100% of patients with stroke.'* Although their pathophys-
iologic and clinical significance is not fully understood, FVHs
might help in the management of patients with acute stroke. Be-
yond their diagnostic value regarding the detection of arterial oc-
clusion,'"'*'> FVHs may provide prognostic information, de-
spite discrepancies among studies.' Some authors reported that
FVHs have a good prognostic value®®; some, that they have a

poor prognostic value”"°

; and others, that they have no prognos-
tic value at all.'"" These discrepancies are likely due to differences
among populations, end points, and FVH classifications.
Meanwhile, most groups agree that FVHs are related, to some
extent, to hemodynamic impairment and represent slow retro-
grade flow in leptomeningeal collaterals.” These collaterals main-
tain some perfusion distal to the occlusion while awaiting revas-

cularization.'® FVHs precede DWI abnormalities'” and can be
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seen beyond the boundaries of the DWT lesion, and the final in-
farct volume falls between the initial DWI lesion and the area
facing the FVHs."* Furthermore, FVHs beyond the clot are asso-
ciated with perfusion-weighted imaging-DWI mismatch>®"?
and better outcome after [V-tPA.” Taken together, these data sug-
gest that prominent/extended FVHs indicate large areas of sal-
vageable tissue and greater potential benefit from recanalization.
In patients with stroke with acute proximal MCA occlusion, we
tested the hypothesis that FVHs beyond the DWI cortical lesion
boundaries (termed “FVH-DWI mismatch”) could be an easy
and reproducible means to identify patients with a large penum-
bral area (ie, with a large PWI-DWI mismatch) and larger infarct
growth.

MATERIALS AND METHODS

Patients

This retrospective analysis was based on a prospectively collected
monocenter registry of consecutive patients exclusively treated by
IV-tPA (0.9 mg/kg) for ischemic stroke between 2004 and 2013.
MR imaging is systematically implemented in our center as a first-
line pretherapeutic work-up in candidates for thrombolysis. They
were treated within 3 hours from stroke onset until November
2008 and within 4.5 hours thereafter. Patients included in the
present study were those who had the following: 1) an anterior
circulation stroke due to proximal MCA occlusion (M1 segment);
2) pretreatment MR imaging; and 3) at least a PWI sequence
before treatment or a 24-hour follow-up MR imaging, given that
we searched for associations between FVH-DWI mismatch and
PWI-DWI mismatch or between FVH-DWI mismatch and in-
farct growth. Internal carotid artery occlusion was not an exclu-
sion criterion as long as the ipsilateral anterior cerebral artery
remained visible on MRA. Patients with severe MR imaging arti-
facts or MR images not available in DICOM format were
excluded.

Age, sex, hypertension, diabetes mellitus, hyperlipidemia,
smoking, arterial blood pressure, serum glucose level at admis-
sion, and National Institutes of Health Stroke Scale score before
and 24 hours after treatment were prospectively collected. Out-
come at 3 months was assessed by using the mRS. Stroke etiology
was assessed by using Trial of Org 10172 in Acute Stroke Treat-
ment classification. The study was approved by the local ethics
committee.

MR Imaging Protocol

Pretreatment and follow-up MR imaging was performed on 1.5T
scanners (Signa Horizon EchoSpeed until November 2008 and
Signa EchoSpeed thereafter; GE Healthcare, Milwaukee, Wiscon-
sin) with a 33-mT/m gradient strength and an 8-channel head
coil. The standard MR imaging protocol included FLAIR, DWI,
T2*-weighted gradient-echo imaging, intracranial 3D time-of-
flight MRA, and PWI whenever feasible with no delay. Total ac-
quisition time was =10 minutes The acquisition parameters of
the axial 2D FLAIR sequence were as follows: TR/TE/TI, 8277-
9802/155.5-159.4/2093-2300 ms; 24 X 24 cm® FOV; 256 X 192
matrix; 1 excitation; 24 sections; 6-mm contiguous section thick-
ness; maximum duration, 2 minutes 18 seconds. DWI consisted
of asingle-shot echo-planar spin-echo sequence (3 directions, b =
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1000 s/mm?). PWI was performed by using a T2*-weighted echo-
planar sequence (TR/TE, 2000/60 ms; 24 X 24 cm® FOV; 64 X 96
matrix; 1 excitation; and repetition 50 times after a bolus [5-7
mL/s] of 20 mL of gadoteric acid). A follow-up MR imaging was
scheduled ~24 hours after tPA and included the same set of se-
quences as that in the admission MR imaging except for PWI. All
MR images were processed on a commercial workstation (Advan-
tage Windows; GE Healthcare) by using an application for func-
tional mapping calculation (READY View; GE Healthcare).

Image Analysis

FVHs were defined as focal, tubular, or serpentine hyperintensi-
ties in the subarachnoid space relative to CSF' and corresponding
to the typical arterial course. Axial FLAIR and DWI were reviewed
together to assess a FVH-DWI mismatch. FVH-DWI mismatch
was considered present when FVHs extended beyond the bound-
aries of the cortical DWTI lesion (ie, when =1 FVH was facing the
isointense cortex on DWI). FVH-DWI mismatch was considered
absent when there was no FVH or when all FVHs were facing the
hyperintense cortex on DWI. Two radiologists (L.L. and C.O.,
with 3 and 17 years’ experience in stroke imaging, respectively)
independently reviewed the image datasets on a dedicated work-
station for FVH-DWI mismatch evaluation. They were aware that
all included patients had a proximal MCA occlusion; they had
access to pretreatment DWI, MR angiography, and T2* images;
but they were blinded to PWI, clinical data, and follow-up. Dis-
cordance between observers was resolved by consensus. One neu-
roradiologist (L.L.) reviewed the T2* images to ensure that FVHs
did not correspond to blood clots and to evaluated FLAIR image
quality (good-to-excellent or diagnostic quality despite artifacts).

Pretreatment (DWI,) and follow-up DWI (DWL,) lesions were
segmented to compute initial and final DWI lesion volumes as de-
tailed elsewhere,'® and DWI, lesion extent was evaluated semiquan-
titatively by using the 10-point DWI-ASPECTS. Relative infarct
growth was defined as Volumep,y,/Volumep,; X 100. Critically
hypoperfused tissue, defined as time to maximum value of the resi-
due function (Tmax) > 6 seconds, was segmented from PWI maps
(BrainStat AIF, READY View software; GE Healthcare). The PWI-
DWI mismatch volume was defined as the Tmax >6-second volume
without DWI, changes. On the basis of Diffusion and Perfusion Im-
aging Evaluation for Understanding Stroke Evolution (DEFUSE 2)
criteria, a PWI-DWI mismatch was considered present when Vol-
UMey o perfusion €Xceeded 1.8 X Volumey,y,.'” This stringent ratio
was preferred to the classic 1.2 ratio to select patients with clinically
meaningful PWI-DWI mismatch only. Pretreatment occlusion and
recanalization (TICI score) were assessed on MRA.

For the per-region analysis, FVHs were rated by 2 readers accord-
ing to their distribution based on the ASPECTS regions. Briefly, the 7
cortical divisions of ASPECTS (insula, M1-M6) were considered
positive when they coincided with an FVH. Of note, as opposed to
the original ASPECTS and its previous adaptation to FVHs in which

d,>1%20 we reviewed all FLAIR im-

only 2 axial sections were selecte
ages here to ensure continuity of bright dots considered FVHs.
Coregistered DWI,, DWL,, and PWI (Tmax >6-second maps) were
analyzed visually by 1 reader for DWI hyperintensity, infarct progres-

sion, and hypoperfusion in each of the 7 ASPECTS regions. Each



FIG 1. lllustrative case of FVH-DWI and PWI-DWI mismatch. MR images (A-D) of a 67-year-old
man obtained 86 minutes after sudden onset of aphasia. Small hyperintense lesions are visible in
the left MCA territory on admission DWI (A), with FVHs on FLAIR (B), some facing the DWI lesion
(vellow arrows) and others located beyond the boundaries of DWI signal changes (red arrows),
indicating a FVH-DWI mismatch. A large PWI-DWI mismatch on the Tmax map (C) with areas of
Tmax of >6 seconds (yellow-to-red) topographically congruent with the FVHs. Proximal occlu-
sion of left MCA on MRA (D, frontal view). On 24-hour follow-up MR images (E and F), there was
no extension of the initial DWI lesion (E) and complete recanalization (F). IV-tPA was initiated 120

minutes after stroke onset.

ASPECTS region was subsequently classed as positive or negative for
FVH-DWI and PWI-DWI mismatch.

Statistical Analysis

We compared continuous variables using the Student ¢ test or
Mann-Whitney U test, as appropriate. Categoric variables were
compared by using the x* or Fisher exact test as appropriate. The
k coefficient was used to assess interobserver agreement for FVH-
DWI mismatch. We compared pre- and post-treatment charac-
teristics in univariate analyses between patients with or without
FVH-DWI mismatch and PWI-DWI mismatch. We finally
searched for a model that would predict PWI-DWI mismatch on
the basis of clinical and easily derivable imaging parameters avail-
able at admission (DWI-ASPECTS instead of DWI, volume). A
multivariate binary logistic regression analysis was performed
with PWI-DWI mismatch (present/absent) as the dependent
variable. Variables were selected for entry into the model on the
basis of results of the univariate analysis (P < .20) and were fur-
ther excluded from the model with P <.10. The OR and 95% CI
were obtained. A 2-tailed P-value < .05 was considered significant
(SPSS for Windows, Version 19.0; IBM, Armonk, New York).
Sensitivity, specificity, and positive and negative predictive values
of the FVH-DWI mismatch for the detection of PWI-DWI mis-
match were computed.

RESULTS

General Population

During the study period, 351 patients were treated with IV-tPA
only. Two hundred ten (60%) patients were excluded for the fol-

lowing main reasons: non-MCA terri-
tory stroke (n = 38), CT scan at admis-
sion (n = 32), initial MR imaging not
available in DICOM format (n = 11) or
noninterpretable (n = 11, major arti-
facts), absence of M1 occlusion (n =
110), M1 occlusion combined with
ipsilateral internal carotid and anterior
cerebral artery occlusion (n = 2),and no
PWTI sequence or follow-up MR imaging
(n = 6). One hundred forty-one patients
(74 men) met the inclusion criteria, with
a median (interquartile range) age and
admission NIHSS score of 70 years
(range, 57-79 years) and 17 (range, 12—
21), respectively. They did not differ
from the excluded patients on the basis
of sex (P = .34) or age (P = .81) but had
a higher NIHSS score of 17 (range, 12—
21) versus 11 (range, 7-18) (P < .001).
PWI was available in 94 (67%) patients.
Median time-to-initial MR imaging and
time to treatment were 117 minutes
(range, 89-157 minutes) and 155 min-
utes (range, 123-194 minutes). Fol-
low-up MR imaging (median [inter-
quartile range] delay from onset = 25
hours [21-29 hours]) was available in
138 patients. Of these, complete recana-
lization (TICI 3) occurred in 41 patients (30%). The 3-month
mRS score was available in 133 patients, with a median score of 3
(range, 1-4).

FVH-DWI Mismatch (Per-Patient Analysis)

The interobserver agreement for FVH-DWI mismatch (Figs 1 and
2) was k = 0.91 (95% CI, 0.84—0.99). After consensus, 102 (72%)
patients had a FVH-DWI mismatch. As shown in the Table, pa-
tients with FVH-DWI mismatch had a smaller DWI, volume and
a higher PWI-DWI mismatch volume than patients without
FVH-DWI mismatch. Patients with FVH-DWI mismatch had
greater infarct progression at follow-up MR imaging, even though
their follow-up infarct volume remained smaller and 3-month
outcome was better than that of patients without FVH-DWI mis-
match. All the above-mentioned associations remained signifi-
cant when the analysis was restricted to patients with good-to-
excellent FLAIR image-findings quality (n = 105 in the whole
population, #n = 74 in patients with PWI). The presence of FVH-
DWI mismatch did not differ between patients treated before and
after November 2008 (37/52 = 71% versus 65/89 = 73%, P =
81).

Per-Region Analysis

FVHs were visible in the insular region in all cases and were facing
the M2, M5, M3, M6, M1, and M4 ASPECTS regions in 95%,
75%, 71%, 37%, 24%, and 15% of patients, respectively (average
of 2 readers). Of the 987 ASPECTS regions (141 patients X 7
regions), 60% were facing an FVH. In line with the per-patient
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FIG 2. lllustrative case of no FVH-DWI or PWI-DWI mismatch. MR imaging (A-D) of a 47-year-old
man obtained 81 minutes after sudden onset of right hemiparesis. Large hyperintense lesions in
the left MCA territory on admission DWI (A) with FVH on FLAIR (B, arrow) only overlying the
hyperintense parenchyma on DWI, indicating the absence of FVH-DWI mismatch. C, No signifi-
cant PWI-DWI mismatch on the Tmax map is seen. Note proximal occlusion of the left MCA on
MRA (D, frontal view). On 24-hour follow-up MR images (E and F), extension of the initial DWI
lesion (E) is seen despite recanalization (F). IV-tPA was initiated 105 minutes after stroke onset.

analysis (see next paragraph), FVH-DWI mismatch was signifi-
cantly associated with PWI-DWI mismatch: Eighty-two percent
of regions positive for FVH-DWI mismatch were also positive for
PWI-DWI mismatch versus only 17% of regions negative for
FVH-DWI mismatch (P < .001). Infarcts progressed more often
in brain tissue facing FVHs: Thirty-one percent of the areas with
FVHs showed infarct progression versus 21% of the areas without
it (P <.001).

Identification of PWI-DWI Mismatch

A PWI-DWI mismatch was present in 61 of the 94 (65%) patients
with available PWI. In univariate analysis, patients with PWI-
DWI mismatch had lower initial NTHSS scores (15 [range, 11-20]
versus 19 [range, 16—23], P = .003), smaller DWI, lesion extent
assessed by using volumes (17 mL [range, 7-35 mL] versus 108
mL [range, 63—149 mL], P < .001) or DWI-ASPECTS (7 [range,
6—8] versus 4 [range, 3—6], P < .001), shorter onset-to-initial MR
imaging time (106 minutes [range, 84—137 minutes] versus 132
minutes [range, 97-178 minutes], P = .01), and lower serum
glucose levels at admission (6.7 = 1.2 versus 7.3 £ 1.8 mmol/L,
P = .04). In multivariate analysis based on easily derivable admis-
sion variables, PWI-DWI mismatch was independently associated
with FVH-DWI mismatch (OR, 7.63; 95% CI, 1.74-33.43; P =
.007) after adjustment for onset-to-admission MR imaging time
(OR, 0.98; 95% CI, 0.97-1.00; P = .02) and DWI-ASPECTS (OR,
1.76;95% CI, 1.22-2.53; P = .003). Initial NIHSS score and serum
glucose level were sequentially removed from the model.

Of the 94 patients with available PWT at admission, a FVH-
DWI mismatch was present in 56/61 patients with a PWI-DWI
mismatch (sensitivity = 92%j; 95% CI, 85%-99%). There was no
FVH-DWI mismatch in 21/33 patients without PWI-DWTI mis-
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match (specificity = 64%; 95% CI,
47%—-80%). The positive and negative
predictive values were 82% (95% CI,
73%-91%) and 81% (95% CI, 65%—
96%), respectively. A post hoc analysis
by using a less conservative threshold for
the PWI-DWI mismatch profile (4-sec-
ond Tmax threshold instead of 6-sec-
ond) resulted in a similar sensitivity but
a higher specificity (90% and 76%,
respectively).

DISCUSSION

The present study revealed 3 salient
points: 1) FVHs were consistently visu-
alized in the insular region in patients
with proximal MCA occlusion within
4.5 hours after symptom onset; 2) FVH-
DWI mismatch was associated with a
smaller initial infarct, the presence of
PWI-DWI mismatch, and greater in-
farct growth after thrombolysis even
though their final infarcts remained
smaller; and 3) FVH-DWI mismatch
predicted a large PWI-DWI mismatch
with excellent sensitivity but moderate
specificity.

The high prevalence of FVHs irrespective of their location is
likely explained by the fact that patients were imaged within 4.5
hours and had proximal MCA occlusion. Indeed, a lower FVH
prevalence has been reported in posterior strokes and in distal
occlusions® or when onset-to-MR imaging time increased."'”
Like others,'®?° we found fewer FVHs in borderzone areas (M4,
M6) than in more proximal areas (insula, M2, M5). This FVH
gradient is consistent with an increasing flow rate within lepto-
meningeal collaterals when moving toward borderzone areas.

Several approaches have been proposed to estimate the extent
of FVHs. Some authors distinguished FVHs involving more or
less than one-third of the MCA territory or of the hypoperfused
area,”*?! but one has to acknowledge the well-known difficulties
in determining this cutoff. Others proposed to count ASPECTS

regions with FVH-matching boundaries' >

or grade FVHs ac-
cording to their sulcal location,** without evaluating the repro-
ducibility of these grading systems. Counting the number of axial
FLAIR sections with FVHs® only provides a rostrocaudal exten-
sion of FVHs and is dependent on the section number and thick-
ness. FVH-DWI mismatch offers several advantages over previ-
ous estimates of FVH extent. It is simple, reproducible, and
feasible at bedside and therefore compatible with timely treat-
ment decisions in acute stroke. The FVH-DWI mismatch focuses
on FVHs beyond the boundaries of the cortical DWT lesion, ig-
noring FVHs adjacent to the DWI lesion. Therefore, only FVHs
facing potential tissue at risk of infarct expansion are considered
in this definition. The presence of larger amounts of at-risk tissue
in the presence of FVH-DWI mismatch is also supported by the
results of our univariate analysis, with smaller initial DWT lesions
and larger infarct progression after treatment, despite a similar



Univariate comparisons among patients according to FVH-DWI mismatch (n = 141)?

seconds. Thus, FVHs beyond the DWI

FVH-DWI No FVH-DWI lesion likely detect not just penumbral
Mismatch (n=102) Mismatch(n=39) PValue byt also less severely hypoperfused ar-
Demographics/risk factors eas. One should, however, keep in mind
Age (yr) 68 =15 68 = 14 86 that the optimum Tmax cut-point sepa-
Male 51(50%) 23 (59%) 34 N AP
Hypertension 53 (52%) 23 (59%) 46 rating the penumbra from the oligemia
Diabetes mellitus 6 (6%) 7(18%) 03 remains somewhat unclear.** However,
Hyperlipidemia 35(34%) 15 (38%) .65 even though the FVH-DWI mismatch
Smoking ) o 37 (36%) 11(28%) 37 likely overestimates the penumbra, it
Charact§r|5t|cs el eel e could serve as a surrogate for PWI-DWI
Systolic BP (mm Hg) 153 =24 158 =18 31 . h wh PWI i labl
Diastolic BP (mm Hg) 83+ 18 8317 .89 mismatch w ener:r 15 uI.laval able
Serum glucose level (mmol/L) 68*16 75+19 02 or degraded by artifacts or patients have
Initial NIHSS score 16 (12-20) 17 (15-22) .054 difficult venous access or contraindica-
'”itifil MR o . tions for gadolinium use such as renal
Tlmg from onset to initial MRI (min) 117 (87-144) 122 (96-159) 16 failure or contrast hypersensitivity.
Available PWI sequence 68 (67%) 26 (67%) 1.00 0 . dv h 1
Terminal ICA occlusion 39 (38%) 11(28%) 27 o ul'r retro%pectlve study has severa
Good-to-excellent FLAIR images 81(79%) 24 (61%) 03 limitations. First, our results cannot be
DWI, volume (mL) 18 (8-35) 108 (57-160) <.001 generalized to all patients with stroke,
PWI-DWI mﬁsmaTCthOIUme (mL)® 70 (40-105) 44 (33-64) 03 especially those with no or distal occlu-
PWI'DWI @smatch 56 (82%) 5 (19%) <001 sion. However, we deliberately selected a
Cardioembolic stroke 61(60%) 16 (41%) .05 lati f pati th mal
Yilenr cveliien population ? patlent.s' wit pr(')xuna
Follow-up NIHSS score 11(5-18) 16 (10-22) 004 MCA occlusion and visible anterior ce-
DWI, volume (mL)¢ 36 (19-66) 161(95-230) <.001 rebral artery origin to ensure homoge-
Relati\Ie infarct PI.Ogr.eSSiS(? (%)¢ 195 (1]2:356) 133 (114-165) .001 neity of the potential collateral supply,
Complete recanalization 29 (29%) 12 (32%) 77 given the discrepant FVH findings in
mRS score at 3 mo® 3(14) 4(3-6) .001 . h 1
MRS score =2 at 3 mo® 45 (47%) 9 (24%) 0 previous more heterogeneous popula-

Note:—BP indicates blood pressure.
#Numbers (not %) are mean = SD or median (interquartile range).

® Ninety-four patients (PWI-DWI mismatch: >6-second Trax, Volumey,ooperfusion > 18 X Volumepyp).

“TICI 3.
924-hour MRI available in 138 patients.
€mRS score at 3 months available in 133 patients.

rate of complete recanalization in both groups. These results closely
match those from a previous series of 52 patients treated with throm-
bolysis for MCA occlusion.” Similarly, others concluded that the ex-
tent of FVHs was associated with the presence of a PWI-DWI mis-
match, though the definition used for the latter was qualitative13 or
unspecified.*>'° Taken together with these previous findings, our re-
sults in turn reinforce the view that FVHs beyond the DWI lesion
represent markedly impaired hemodynamics in patients with proxi-
mal occlusion.

The excellent sensitivity (92%) of FVH-DWI mismatch for a
large PWI-DWI mismatch indicates that the former only rarely
missed the latter. This could indicate that the absence of FVH-
DWI mismatch may obviate PWI to identify patients with large
penumbra. However, the moderate specificity (64%) means that
FVH-DWI mismatch as implemented here captures hemody-
namic compromises other than just the penumbra. Indeed, if
bright vessels on FLAIR effectively represent slow flow in dilated
leptomeningeal arterioles in response to cerebrovascular autoreg-
ulation, FVHs should overlie not just the penumbral cortex but
also the less severely hypoperfused, not at-risk tissue (ie, the “be-
nign” oligemia) and even perhaps surrounding normoperfused
but autoregulated tissue.>* This hypothesis was strengthened by
the post hoc use of a deliberately defined less conservative Tmax
threshold (>4 seconds). As expected, specificity increased while
sensitivity held up, compared with the standard Tmax of >6

tions. Second, we were unable to corre-
late FVHs with collateral flow because
’ patients did not undergo digital subtrac-
tion or CT angiography. Third, we de-
fined the PWI-DWI mismatch on the
basis of stringent DEFUSE 2 criteria.
The accuracy of the FVH-DWI mismatch as a surrogate for PWI-
DWI mismatch obviously depends on the definition of the latter,
which is still debated. Fourth, slight differences in FLAIR param-
eters among patients in our study are unlikely to have induced
major variability in FVH detection. We must, however, be careful
in drawing any definite conclusion because differences in the
FLAIR sequence, coil system, and magnetic field or among man-
ufacturers may influence FVH visibility.

CONCLUSIONS

The FVH-DWI mismatch is a novel and promising approach that
clearly contains important hemodynamic information, assessable
by the naked eye. It could serve as a surrogate to PWI to identify
patients with large PWI-DWI mismatches whenever perfusion
data are missing. The criteria for the FVH-DWI mismatch model
developed here require validation in an independent cohort. If
validated, this straightforward MR imaging feature may prove
useful for enriching trial cohorts with patients likely to benefit
from reperfusion therapies.
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ORIGINAL RESEARCH
BRAIN

Prediction of Infarction and Reperfusion in Stroke by Flow-
and Volume-Weighted Collateral Signal in MR Angiography

M. Ernst, N.D. Forkert, L. Brehmer, G. Thomalla, S. Siemonsen, ). Fiehler, and A. Kemmling

ABSTRACT

BACKGROUND AND PURPOSE: In proximal anterior circulation occlusive strokes, collateral flow is essential for good outcome. Collat-
eralized vessel intensity in TOF- and contrast-enhanced MRA is variable due to different acquisition methods. Our purpose was to quantify
collateral supply by using flow-weighted signal in TOF-MRA and blood volume—weighted signal in contrast-enhanced MRA to determine
each predictive contribution to tissue infarction and reperfusion.

MATERIALS AND METHODS: Consecutively (2009-2013), 44 stroke patients with acute proximal anterior circulation occlusion met the
inclusion criteria with TOF- and contrast-enhanced MRA and penumbral imaging. Collateralized vessels in the ischemic hemisphere were
assessed by TOF- and contrast-enhanced MRA using 2 methods: 1) visual 3-point collateral scoring, and 2) collateral signal quantification by
an arterial atlas-based collateral index. Collateral measures were tested by receiver operating characteristic curve and logistic regression
against 2 imaging end points of tissue-outcome: final infarct volume and percentage of penumbra saved.

RESULTS: Visual collateral scores on contrast-enhanced MRA but not TOF were significantly higher in patients with good outcome.
Visual collateral scoring on contrast-enhanced MRA was the best rater-based discriminator for final infarct volume < 90 mL (area
under the curve, 0.81; P < .01) and percentage of penumbra saved >50% (area under the curve, 0.67; P = .04). Atlas-based collateral
index of contrast-enhanced MRA was the overall best independent discriminator for final infarct volume of <90 mL (area under the
curve, 0.94; P < .01). Atlas-based collateral index combining the signal of TOF- and contrast-enhanced MRA was the overall best
discriminator for effective reperfusion (percentage of penumbra saved >50%; area under the curve, 0.89; P < .001).

CONCLUSIONS: Visual scoring of contrast-enhanced but not TOF-MRA is a reliable predictor of infarct outcome in stroke patients with
proximal arterial occlusion. By atlas-based collateral assessment, TOF- and contrast-enhanced MRA both contain predictive signal infor-
mation for penumbral reperfusion. This could improve risk stratification in further studies.

ABBREVIATIONS: AUC = areaunder the curve; CE = contrast-enhanced; Cl = collateral index; CS = collateral score; CVA = collateral vessel abundance; FIV = final
infarct volume; PPS = percentage of penumbra saved; ROC = receiver operating characteristic; Tmax = time-to-maximum; VOL = volume

I n stroke patients with acute proximal artery occlusion, collat-
eral blood supply is pivotal for functional outcome." Collateral
perfusion limits ischemic core expansion by maintaining oligemic
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tissue-at-risk until reperfusion takes place and is an independent
predictor of final infarct volume and clinical outcome.' Collat-
erals enhance recanalization and avert hemorrhagic transforma-
tion by minimizing severe local perfusion impairment.* For rap-
idly applicable and reproducible collateral assessment in the triage
of acute stroke, several angiographic scoring methods have been
introduced.>*® Contrary to DSA, direct visualization of time-
resolved collateral flow in the leptomeningeal arteries is not
possible with conventional CTA or MRA. Instead, the visual
abundance of contrasted, collateralized vessels distal to the
occlusion has been used as a surrogate scoring system for lep-
tomeningeal collateral supply in high-resolution CTA."”° In
particular, a malignant CTA collateral profile is highly specific
for poor outcome.’

Collateral assessment using TOF- or contrast-enhanced (CE)-
MRA is less straightforward. Visualization of collateralized vessels
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FIG 1. lllustration of visual collateral scores in TOF- and CE-MRA. A, Source images showing
retrograde MCA filling in CE-MRA (scored 1) but not in TOF (scored 0) (arrowheads), with differing
signal of collaterals as shown in red-green shift. B, No retrograde MCA filling in both, TOF- and

CE-MRA (scored 0).

distal to mainstem occlusion is problematic in TOF-MRA, which
is highly sensitive to low flow due to spin saturation.'®'" In CE-
MRA, T1-shortening by gadolinium induces a vessel signal nearly
independent of blood flow (for a sufficiently broad bolus) and
primarily depends on blood volume (ie, intravascular volume).
The different signal of collateralized vessels in both modalities
may contain independent information; however, the efficacy of
collateral assessment for outcome prediction attributed to each
MRA technique has not been investigated in detail."'"** Our pur-
pose was to differentially quantify collateralized vessels in proxi-
mal anterior circulation occlusive strokes, including both flow-
weighted signal in TOF-MRA and volume-weighted signal in CE-
MRA, and to determine each predictive contribution to tissue
outcome.

MATERIALS AND METHODS

Patient Selection

Study data were acquired with institutional review board ap-
proval (Ethik-Kommission der Arztekammer Hamburg). We
screened consecutive patients with acute proximal occlusive
stroke presenting to our department between January 2009 to
August 2013 who met the study inclusion criteria: 1) occlusion of
the intracranial ICA and/or the M1 segment of the MCA con-
firmed by DSA if available or CE-MRA; 2) pretreatment TOF-
MRA, CE-MRA, DWI, and PWI within 6 hours after onset; 3)
follow-up imaging within 72 hours; 4) NIHSS score of >4. Pa-
tients were excluded for poor image quality of MRA datasets or
evidence of symptomatic intracranial hemorrhage with mass ef-
fect and signs of prior territorial stroke.

Image Acquisition

Patients were triaged with a standardized institutional acute
stroke protocol for MR imaging independent of the study design.
No extra contrast medium for CE-MRA was administered outside
the routine clinical protocol. Admission stroke imaging was per-
formed using a 1.5T MR imaging scanner (Magnetom Avanto;
Siemens, Erlangen, Germany), including axial DWI, FLAIR, and
TOF-MRA. Additional CE-MRA and PWI were performed in
case of present proximal occlusion to guide and plan potential
mechanical thrombectomy in light of current arguable evidence

276 Ernst  Feb 2015 www.ajnr.org

for benefit.'> TOF- and CE-MRA cov-
ered the distal internal carotid artery and
the anterior and middle cerebral arteries
(MCA up to third-order branches). CE-
MRA also covered the extracranial ICA.
TOF-MRA was acquired with 2 X 40
section slabs; 0.9-mm section thickness;
0.47 X 0.47 mm in-plane resolution;
512 X 384 matrix; TE, 7 ms; TR, 27 ms;
flip angle, 25° acquisition time, 130 sec-
onds. CE-MRA was acquired in a coro-
nal 1 X 112 section slab with 0.7 mm per
section; TE, 1.4 ms; TR, 3.8 ms; 0.6 X
0.63 mm in-plane resolution; 512 X 384
matrix; flip angle, 25% 10-mL bolus of
gadopentetate (Mag-
nograf; Marotrast, Jena, Germany) at 3

dimeglumine

mlL/s triggered by Care Bolus (Siemens);
acquisition time, 2 X 45 seconds. Time-resolved perfusion raw
data were acquired with 2D echo-planar imaging (22-mL bolus of
gadopentetate dimeglumine; 5.0 mL/s; TE, 22 ms; TR, 1800 ms;
flip angle, 80°; 26 sections; 4 mm per section) and an acquisition
time of 113 seconds. Perfusion parameter maps (time-to-maxi-
mum [Tmax]) were calculated using an established in-house soft-
ware (ANTONIA).'® The arterial input function for Tmax esti-
mation was selected from the contralateral middle cerebral
artery. Delay-corrected deconvolution for Tmax estimation
was performed by standard singular value decomposition.

Image Analysis

The MRA signal intensity of MCA vasculature distal to the occlu-
sion relative to the normal hemisphere was assessed as an indica-
tor of leptomeningeal collateral supply to the MCA territory. This
was accomplished by visual rater-based collateral scoring and au-
tomated-software-assisted quantification of collateral MRA sig-
nal in TOF- and CE-MRA.

Visual Collateral Scoring

Images of TOF-MRA and CE-MRA were evaluated indepen-
dently by 2 raters (M.E. and A.K., certified neuroradiologists).
Raters were blinded to clinical and concomitant admission and
follow-up imaging data. MRA images were co-registered. Precise
registration was checked by red-green shift, and images were pre-
sented as maximum intensity projections (20-mm slab thickness,
1-mm increment) (Fig 1).

The visual collateral score (CS) in each MRA dataset (CSyop
and CSp_yra) Was rated by visual abundance of MCA vascularity
distal to the occlusion in the ischemic hemisphere compared with
the normal side by using a 3-point grading scale (0 = none/poor,
1 = fair, 2 = good/normal) as used previously.' The sinus and
large veins were not included for scoring vasculature. Ratings
were compared and decided by consensus if scores differed. A
combined 5-point (0—4) collateral score, CS_,, pineq> Was a priori
defined as the sum of each separate TOF- and CE-MRA subscore
to further subdivide and rank collateral status using both MRA
modalities in conjunction (On-line Appendix).



Automated Atlas-Based Collateral Quantification

To include objective rater-independent quantification of collat-
erals with a continuous imaging parameter, we used an auto-
mated method to determine the relative vascular signal intensity
of MCA vasculature in the ischemic hemisphere compared to the
normal side. For this purpose, collateral vessel abundance (CVA)
was measured by the signal intensity of all MCA vascular voxels in
each hemisphere distal to the M1-MCA segment. This measure-
ment was accomplished by using a statistical cerebroarterial atlas
derived from 700 normal MRA datasets published elsewhere (On-
line Appendix).'” The ratio of the MCA vascular intensities in the
ischemic hemisphere compared to the normal hemisphere was de-
fined as the collateral index (CI) (equation 1). The CI'was determined
in TOF- and CE-MRA datasets (Clop and Clg_ ypgra)- Any theoret-
ical value of CI > 1 in equation 1 was truncated to 1.

CVAischemic hemisphere
1) CI = — "Gl 0 < CI < 1.
CVAnormal hemisphere
The combined collateral index, CI_,,,ineq» cOntaining the collat-
eral signal from TOF-and CE-MRA was defined by summing the
CI of both MRA modalities. Any theoretical value of CI

>2 in equation 2 was truncated to 2.

qof

combine

CVAjgchemic hemisphere

CVA ormal hemisphere

2)  Cleompinea = Clvor + Clcpvra = [ ]
TOF-MRA

|: CVAichemic hemisphere

CVA :| 30 = Cleombined = 2.
normal hemisphere | cg_MRrA

Definition and Measurement of Tissue Outcome

End Points

Collateral measures were tested against 2 imaging-based tissue
outcome parameters. Final infarct volume (FIV) quantifies the
absolute amount of tissue damage that is directly related to clini-
cal outcome. The percentage of tissue-at-risk spared from infarc-
tion (percentage of penumbra saved, [PPS]) quantifies reperfu-
sion per volume of tissue-at-risk. It is related to the efficacy of
recanalization normalized to the volume of penumbra present at
admission imaging. Imaging lesion masks were segmented with
semiautomated edge detection by using a standardized opera-
tional definition (Analyze 11.0 software; AnalyzeDirect, Overland
Park, Kansas). FIV was segmented section-by-section in fol-
low-up imaging (targeted at 48-hour onset to imaging). For PPS
calculation (equation 3), volume (VOL) of ischemic lesions in
Tmax MR-perfusion maps and DWT were segmented. Tissue-at-
risk to infarct was classified by Tmax bolus delay (VOL,,.) using
a fixed window-level at the optimal threshold of 6 seconds with
variable window width for optimal contrast (On-line Appen-
dix)."® 2 Lesion masks of tissue-at-risk (VOL,,,,), initial isch-
emic core (VOLp,), and final infarct volume were registered.
PPS was calculated as follows:

VOL+,,.. — FIV
VOLTmax - VOLDWI'

3) PPS =

Statistical Analysis
Normally distributed continuous variables are shown as mean
and SD or as median and interquartile range for non-normal dis-

tribution; discrete variables are reported as counts and percent-
ages. Interrater agreement for visual CS was determined by « sta-
tistics. Spearman rank correlation coefficients were used to
analyze correlations between visual collateral scores and tissue
outcomes. The level of significance was defined as a 2-tailed P <
.05. Multiple linear regression analysis was performed to test for
independent association of visual (CSp_yra and CSyop) and au-
tomated (Clg pra and Clpog) collateral measures with respect
to continuous tissue outcome parameters (FIV and PPS).

Patients were a priori stratified by dichotomizing tissue out-
come (good-versus-poor). FIV was dichotomized at 90 mlL,
which has been shown to be most specific for poor clinical out-
come in a patient population with major strokes with anterior
proximal artery occlusion.?® This highly specific cutoff for poor
clinical outcome was chosen because it corresponds to a low rate
of false-positives (low rate of falsely assuming poor outcome). A
collateral measure that predicts FIV > 90 mL, therefore, indicates
a high probability of futile recanalization with respect to clinical
outcome, which is essential for treatment decisions when weigh-
ing benefits and risks.

PPS quantifies reperfusion in terms of tissue saved relative
to ischemic core and penumbra. PPS was dichotomized at 50%
to define effective reperfusion at the tissue level, which has
been associated with good functional outcome in the Diffusion
and Perfusion Imaging Evaluation for Understanding Stroke
Evolution (DEFUSE) 2 trial.** Stratified patients (good-versus-
poor outcomes) were compared by using an unpaired ¢ test (nor-
mal distribution) and Mann-Whitney U rank sum test (non-nor-
mal distribution) for quantitative continuous or discrete variables
and the Fischer exact test for qualitative categoric variables,
respectively.

Receiver operating characteristic (ROC) curve analysis was
performed to quantify the resolving power and optimal cutoff
value of each collateral imaging measure, single and in combina-
tion, to classify patients into good and poor tissue outcome
(FIV < 90 mL and PPS > 50%). The collateral measures
CScombinea and CI 4 were defined above to test whether the
added vascular signal of both, TOF- and CE-MRA, has a higher
discriminative power for outcome than either one by itself.

combine

The best performing collateral measures for good tissue out-
come were further used in stepwise multivariate logistic regres-
sion analysis including the 3 most relevant univariate predictors
of infarct growth and penumbral loss (admission NIHSS score,
DWI infarct volume, and age).>*>*’

To assess the relative benefit of recanalization dependent on
collateral status, we calculated the odds ratio for good outcome in
patients with and without recanalization (On-line Appendix). Re-
canalization status was not included as a predictor in multivariate
analysis because of statistical power.

The method of atlas-based collateral index to measure con-
trasted MCA vessels in CE-MRA secondary to retrograde filling
via leptomeningeal collaterals was compared with DSA collateral
scoring. DSA collateral scores were rated in intra-arterially treated
patients and correlated with Clp_ygs- ROC curves between DSA
and Clp_yra for good outcome (FIV < 90 mL) were compared
pair-wise (On-line Appendix).

All data analysis was performed with SPSS Statistics 20.0 (IBM,
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Table 1: Patient characteristics stratified by good and poor tissue-outcome parameters

Final Final Penumbra Penumbra
Patient Characteristics® All Patients  Infarct <90 mL Infarct>90mL P  Saved >50%  Saved <50% P

Subjects (No.) (%) 44 (100.0) 29(65.9) 15 (34.]) 33(75.0) 11(25.0)
Age (yr) (mean = SD) 69 3(14.8) 659 (17.7) 71.0 (13.0) 34 617(18)) 71.8 (12.8) 05°
Sex (female) (No.) (%) 28(63.6) 18 (62) 10 (66.7) 100 21(63.6) 7(63.6) 1.00
Admit NIHSS (median, IQR) 14(103-19.8)  14(9.0-165)  18(12.0-210) 05" 14(95-19.0) 16(4.0-20.0) 13
Discharge NIHSS (median, IQR) 12(4.0-19.3) 7(3.0-140)  17(9.0-230) 0P  9(3.0-150) 17(1.0-330) .0P
Left MCA infarction (No.) (%) 24 (54.5) 14 (48.3) 10 (66.7) 34 16 (48.5) 8(727) 29
Vessel occlusion

M1 segment of MCA (No.) (%) 28(63.6) 21(724) 7 (46.6) n o 22(66.6) 6(37.5) 49

Carotid bifurcation/M1 segment (No.) (%) 16 (36.4) 8(27.6) 8(53.3) n 11(33.3) 5(26.7) 49
Treatment (No.) (%) 44 (100.0)

Intravenous thrombolysis (No.) (%) 15 (34.1) 12 (41.4) 3(20.0) 19 12(36.4) 3(27.3) 72

IA mechanical therapy (No.) (%) 29 (65.9) 17 (58.6) 12(80.0) 19 21(63.6) 8(727) 72
Cardiovascular risk factors

Hypertension (No.) (%) 30(68.2) 19 (65.5) 1(733) 74 21(63.6) 9(81.8) 46

Diabetes mellitus (No.) (%) 7 (15.9) 5(17.2) 2(13.3) 1.00 412 3(27.3) 34

Coronary heart disease (No.) (%) 8(18.2) 6(20.7) 2(133) 70 7(212) 1(9.) 66

Atrial fibrillation (No.) (%) 22(50.0) 15(517) 7(46.7) 100 17(515) 5 (45.5) 1.00

Smoking (No.) (%) 8(182) 4(13.8) 4(26.7) A1 6(182) 2(18.2) 1.00
Etiology

Atherothrombotic (No.) (%) 16 (36.4) 12(414) 4(26.7) 51 1(333) 5 (45.5) 49

Cardioembolic (No.) (%) 18 (40.9) 12(414) 6(40.0) 100 15(45.5) 3(27.3) 48

Undetermined etiology (No.) (%) 5(1.4) 3(103) 2(13.3) .64 412 1(9.0) 1.00

Other etiology (No.) (%) 5 (11.4) 2(69) 3(20.0) 3l 3(9.) 2(18.2) 59

Note:—IA indicates intra-arterial; IQR, interquartile range.

2 Continuous and discrete quantitative variables compared with the unpaired t test and Mann-Whitney U rank sum test, respectively. Qualitative categoric variables compared

with the Fischer exact test.
® Significant.

Table 2: Imaging parameters and collateral measures (visual and automated TOF- and CE-MRA)

Final Final Penumbra  Penumbra
Imaging Parameters® All Patients Infarct <90 mL Infarct>90mL P  Saved >50% Saved <50% P

Tissue imaging measurements

Admit DWI infarct volume (mL) (mean * SD)  30.8 (41.0) 16.3(18.9) 59.0 (56.2) 0 226(270) 555(633) 12

Final DWI infarct volume (mL) (mean = SD) 89.4 (114.9) 25.3(26.3) 213.4 (19.]) <01®  425(47.8) 230.2(142.8) or

Penumbra saved (%) (mean = SD) 685(39.2)  884(222) 30.0(365)  <.0I°  89.5(14.2) 57(129) <.01°

Admit Tmax volume (mL) (mean = SD) 182.0 (97.0) 158 3(70.5) 227.8 (124.7) 06 1895(810) 159.5(1369) .50
Successful recanalization (No.) (%) 32(73) 25(86) 7(47) o 27 (82) 5(45) .05°
Visual collateral score (range, 0-2)

TOF-CS (mean = SD) 1(3) 1(4) 0(.0) 30 0(2) 2(.6) 39

CE-CS (mean * SD) 10(8) 13(7) 4(6) <.o1® 11(8) 6(.8) or
Atlas-based collateral index (range, 0-1)

TOF-CI (mean =* SD) 39(.09) 42(.07) 35(.09) o 42(07) 32(07)  <oP

CE-Cl (mean * SD) 70(2) 81(10) 49(20) <0 77(12) 49 (26) o

@ Continuous and discrete imaging parameters compared with the unpaired t test and Mann-Whitney U rank sum test, respectively.

® Significant.

Armonk, New York) and Wolfram Mathematica 7.0 software
(http://www.wolfram.com/mathematica/).

RESULTS

The study included 44 patients with anterior circulation proximal
occlusive strokes. Patients stratified by good-versus-poor tissue
outcome and reperfusion (FIV < 90 mL and PPS > 50%) were
comparable and not significantly different with regard to sex, side
of occlusion, treatment, risk factors, and stroke etiology. The dis-
charge NTHSS score was significantly higher in patients with poor
tissue outcome parameters; age was lower in patients with PPS >
50% (Table 1). With regard to group statistics of imaging param-
eters (Table 2), visual CSc;_ yra but not CSpop was significantly
higher in patients with good outcome (FIV < 90 mL and PPS >
50%). Atlas-based Clcp pra and Clpop were both significantly
higher in patients with good outcome.
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Visual Collateral Scores

Visual CSyop and CSqi_vra Were acquired with high interrater
reliability (0.71 and 0.70, respectively). CScp_nra correlated with
FIV (Spearman p = —0.48, P = .001) but not PPS (p = 0.26, P =
.08). CS1op did not correlate significantly with either tissue out-
come parameter (p = —0.25, P = .1 and p = 0.16, P = .3, respec-
tively). Accordingly, in multiple regression analysis, including
both collateral scores, there was no independent predictive con-
tribution of CS;op to tissue outcome and only CScy_yra Pro-
duced significant regression coefficients (FIV: B = —65.97, P =
.004, R* = 0.22; PPS: B = 0.21, P = .01, R = 0.11).

Atlas-Based Collateral Index

Atlas-based collateral signal significantly correlated with FIV and
PPS. Clcg mra Was more strongly correlated with FIV (p =
~0.70, P < .001) and PPS (p = 0.59, P < .001) than Cl, with



Table 3: ROC curve analysis of visual and automated collateral measured for discriminating good tissue outcome (FIV < 90 mL and

PPS > 50%)

Final Infarct <90 mL

Penumbra Saved >50%

AUC Optimal Youden Sens. Spec. AUC Optimal Youden Sens. Spec.
Collateral Measure (% SE) P Criterion Index (%) (%) (xSE)* P  Criterion |Index (%) (%)
Visual scoring (CS)
CE-MRA 81(07) <0 = 53 862 667 .67(10) .04 > 27 364 909
TOF 53(02) 15 =1 - - -~ 53(05) .52 - - - -
TOF + CE-MRA 81(.07) <0 =] .53 862 667 .65(10) 16 - - - -
Atlas-based collateral index (Cl)
CE-MRA 94(04) <0  >68 76 897 867 .83(10) <O  >.64 70 879 818
TOF 74(08) 0P >37 43 759 667 .86(06) <o  >38 58 758 818
TOF + CE-MRA 95(03) <.01® >113 80 862 933 .89(08) <.01° >105 76 849 99

Note:—Sens. indicates sensitivity; Spec., specificity.

# AUC indicates area under the ROC curve with associated significance level P. Optimal criterion defines collateral parameter cutoff for maximized sensitivity and specificity by

the Youden index.
® Significant.

FIV (p = —0.49, P < .001) and PPS (0.41, P < .006). Both mo-
dalities (Cl;orand Clp ) contributed independently in mul-
tiple regression to FIV (Clp_pra: B = —430.04, P <.001; Clyop:
B = —430.51,P<.001; R> = 0.89) and PPS (Cl.5 yua: B = 1.13,
P <.001; Clpop: B = 1.16, P = .04; R = 0.54).

Visual CScp_yra and atlas-based Clp_yra correlated signif-
icantly (Spearman p = 0.44, P = .003). Visual CSp and atlas-
based Cl;.o did not correlate significantly (Spearman p = 0.07,
P=.67).

Clg.mra @and DSA collateral scores correlated significantly
with comparable discriminative power for good outcome (On-
line Appendix). Volume of Tmax ischemia in admission imaging
was negatively correlated with Cl;_yra (Pearson correlation co-
efficient = —0.33, P = .03).

ROC Curve Analysis
According to ROC curve analysis (Table 3), the discriminative
power of visual CSg yra for good infarct outcome (FIV < 90
mL) was high (AUC = 0.81; P < .01). Visual CSop performed
poorly (AUC = 0.53, P = .15) without benefit using CS_,,,bined
(AUC = 0.81, P < .01). The discriminative power of visual
scoring for effective reperfusion (PPS > 50%) was overall low
(CScpmra: AUC = 0.67, P = .04; CSyop: AUC = 0.53, P = .52).
The discriminative power of atlas-based CI was higher for both
tissue outcome parameters. For FIV < 90 mL, the overall best
discriminator was Cl.p yra Without significant benefit in com-
bination with TOF (Clp pra: AUC = 0.94, P < .01; Cl_ hpined:
AUC = 0.95, P < .01). For effective reperfusion (PPS > 50%)
both Clg yra @and Clypop showed high AUC (AUC = 0.83, P <
.001; AUC = 0.86, P < .001, respectively), and CI_, pinea PEI-
formed best (AUC = 0.89, P < .001).

The best performing collateral measures by ROC curve analy-

sis, Clep mra for infarct outcome (Fig 2A) and CI for

combined
penumbral reperfusion (Fig 2B), were tested in multivariate logis-
tic regression including admission NIHSS score, admission DWI
volume, and age (Tables 4). For prediction of good infarct out-
come, only Cl; \ra remained in the model, with significant
independent predictive coefficients (Fig 2B). For prediction of
good penumbral reperfusion, only CI_, .,,ineq and age remained
in the model with significant coefficients (Fig 2D).

Favorable odds for good outcome after recanalization was

demonstrated in patients with good collaterals (defined by

Clp-mra cutoff of >0.68 in Table 3). The odds ratio for good
outcome in recanalizers with good collateral status versus recana-
lizers with poor collateral status was 7.9 (P < .05). The odds ratio
for good outcome in nonrecanalizers with good collateral status
versus nonrecanalizers with poor collateral status was not signif-
icant (P = .11).

DISCUSSION

In acute stroke triage, TOF-MRA and CE-MRA are frequently
used sensitive methods for detecting large-vessel occlu-
sion.'»1>1%28 Collateralized vessels distal to the proximal oc-
clusion are visualized with higher intensity in CE-MRA than in
flow-weighted TOF-MRA."'" However, a systematic collateral
assessment in MRA, taking into account the differing vessel signal
information contained in each MR imaging protocol for predic-
tion of tissue outcome, has not been reported so far.'®> The main
purpose of this study was to prove the hypothesis that the MRA
imaging-based surrogate marker of collateral supply is a predictor
of tissue outcome. We measured the MRA collateral signal by a
rater-independent and reproducible method to show how
TOEF- and CE-MRA signal differentially predict outcome. This
may be particularly useful in future studies that rely on objec-
tive measures of collateral supply. In terms of clinical feasibil-
ity and immediate impact on care, rater-based scores are fast
and easily applied; therefore, we included the evaluation of
visual scoring.

Consistent with prior angiographic studies, our dataset con-
firms that in stroke patients with acute proximal anterior arterial
occlusion, the existence of good collateral status assessed by MRA
is associated with a high percentage of penumbra saved (ie, greater
reperfusion at the tissue level) and lower final infarct lesion vol-
ume (Table 2)."%2**° However, this association depends on
the MRA technique and method of collateral quantification.

For visual assessment, CE-MRA collateral scoring was the best
discriminator for classifying patients into good and poor tissue
outcome (FIV < 90 mL, best cutoff = 1; AUC = 0.81). The results
suggest that no visible collaterals in CE-MRA (CS¢g pra = 0)
reliably identify patients with poor outcome and high probability
of futile recanalization. CE-MRA scoring was only a moderate
discriminator (best cutoff > 1, AUC = 0.67) for effective penum-
bral reperfusion (PPS > 50%). Collateral scoring by TOF-MRA
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FIG2. AandC,ROC curve analysis of best performing visual and atlas-based collateral measures (CScg_pra @nd Clcg_ura) for discriminating good
tissue outcome (FIV < 90 mL) and reperfusion (PPS > 50%). B, Probability curve of FIV < 90 mL with increasing Cl¢_ra calculated from the logit
model by using the retained significant coefficients in Table 4. D, Probability curves of PPS > 50% with increasing Cl_o,bineq 2nd age, calculated
from the logit model by using the retained significant coefficients in Table 4.

Table 4: Multivariate logistic regression of best collateral
measure, admission NIHSS score, admission DWI volume, and age
for prediction of good tissue outcome

Final Infarct <90 mL  Penumbra Saved >50%
B-Coefficient P  B-Coefficient P

Clemra 2205(7.33) <.
Cloombined 956(3.09) <.OF
Admission DWl infarct ~ —.27(.24) 26 .01(.02) 73
volume

Admission NIHSS score 46 (:49) 34 —.01(12) 94
Age (yr) —.09(10) 35 .07 (:04) 05°
Intercept B, 14.55 13.6

@ Significant.

alone performed poorly, and there was no multivariate additive
benefit when using combined visual TOF- and CE-MRA collat-
eral scores.

The reason for the overall poor discriminative power of visual
TOF-MRA collateral assessment for prediction of FIV and PPS
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may be rooted within the inherent limitations of the TOF tech-
nique. The comparably long acquisition time more frequently
leads to movement artifacts and degradation of image quality in
comparison with CE-MRA."* Among excluded screened cases
due to poor image quality, 13 showed severe movement artifacts
in TOF-MRA, but only 5 in CE-MRA. Further signal elimination
in TOF-MRA may occur with a venous presaturation pulse satu-
rating retrograde collateral arterial flow in the venous direction.
Most important, TOF-MRA signal is highly susceptible to slow or
in-plane blood flow due to saturation effects; therefore, slow col-
lateral flow may not be displayed adequately, leading to an under-
estimation of collateral supply.”>'>"!

In CE-MRA, the paramagnetic effect of the contrast agent pro-
vides a nearly flow-independent signal with real luminal filling
allowing a better delineation of slow-moving blood in distal in-
tracranial arteries, even though the spatial resolution of CE-MRA



is lower compared with TOF.'® A disadvantage may be venous
contamination of the CE-MRA signal. Large veins and sinus
were excluded in visual scoring and were suppressed by low
voxel probability in the atlas-based collateral index, but
smaller draining veins may not be differentiated from arterial
vasculature. However, this limitation may not be a disadvan-
tage with respect to tissue outcome prediction. It is conceivable
that signal from venous outflow could be indicative of collat-
eralized tissue.

Computer-assisted image analysis was used to provide a con-
tinuous rater-independent imaging parameter for collateral sta-
tus. In contrast to visual scoring, the overall discriminative power
of atlas-based CI was higher for both tissue outcome parameters.
The collateral index of CE-MRA was a reliable predictor of final
infarct outcome (Clcg ypra: AUC = 0.94). Using the additional
signal of TOF in combination with CE-MRA did not yield a sig-
4t AUC = 0.95). However,
the collateral index of TOF significantly contributed to prediction

nificant predictive benefit (CI.,pine
of penumbral reperfusion, which was best predicted by the com-
bined TOF- and CE-MRA signal (CI_,, inea: AUC= 0.89). This
observation may be linked to the physiologic concept of perfusion
mismatch between low blood flow and blood volume for penum-
bral imaging.’' The apparent discrepancy of collateral signal
when comparing TOF-MRA with CE-MRA may be a surrogate
imaging feature for predicting tissue outcome. It is conceivable
that a patient with adequate collateral signal in CE-MRA is
likely to have better outcome if there is additional collateral
signal in TOF-MRA (higher flow) compared with a patient
who has a similarly adequate signal in CE-MRA but none in
TOF-MRA (low flow). Thus, in analogy to “perfused tissue-
at-risk,” a lower flow-weighted relative collateral signal in
TOF concurrent with high blood volume-weighted collateral
signal in CE-MRA could be an indicator for “collateralized
tissue-at-risk.”

Only automated Cl;op but not visual CS;op showed signifi-
cant resolving power for penumbral reperfusion, and CS.o. cor-
related poorly with Cl;op. A reason may be that atlas-based anal-
ysis is not subject to rater variability and includes the signal
intensity of all voxels with high vascular probability regardless of
belonging to visual tubular structures. A further reason may due
to the type of data scale. The collateral index, being a continuous
imaging parameter, has a higher scale-based precision than dis-
crete collateral scoring. The significance of visual TOF- and CE-
MRA collateral mismatch for tissue outcome may be proved with
a larger study population.

The best-performing collateral measures, Clp;_ iz for good
infarct outcome (FIV < 90 mL) and CI
bral reperfusion (PPS > 50%), were highly predictive against

combined [OT good penum-
other known important prognostic factors (admission NIHSS
score, age, admission DWT volume) by multivariate logistic re-
gression. The curves from the logistic regression model (Fig 2B
and 2D) show how the probability of good outcome increases
with increasing favorable collateral measure independent of other
variables included in the model. The results are important with
respect to prior studies showing that collateral flow assessed by
DSA or CTA is an independent predictor of outcome with respect
to other known prognostic factors such as age, clinical stroke se-

verity, baseline imaging characteristics, occlusion site, treatment,
and recanalization.">7>%%2

The treatment effect of recanalization on final infarct was de-
pendent on collateral status (On-line Appendix). The odds for
good tissue outcome were higher in recanalizers when good col-
laterals were present in CE-MRA compared with recanalizers with
poor collaterals (odds ratio = 7.9, P < .05). Our results by odds
ratios support the hypothesis that a favorable collateral status is
required for good tissue outcome after recanalization. Thus, col-
lateral assessment based on CE-MRA may augment patient selec-
tion in stroke triage and improve the benefit of treatment
decisions.

Our study has limitations by design. For retrospective analysis,
we defined a priori consecutively applied strict inclusion criteria.
The inclusion criteria were chosen to focus on a homogeneous
first-ever population of stroke patients with isolated proximal an-
terior circulation occlusions within definite imaging time win-
dows. Consequently, the relatively small study size limited further
multivariate analyses and stratification by recanalization status,
stroke laterality, time to imaging, or treatment. Moreover, there
may be selection bias inadvertently introduced by inclusion crite-
ria of image technique and quality. Stratification by chosen imag-
ing-based end points, even though specific for our study popula-
tion, only indirectly relates to functional outcome.”*** Further
studies should include end points of long-term functional out-
come. Rare cases with parenchymal hemorrhage and mass effect
were a priori excluded to focus on prediction of ischemic tissue
damage. Nonetheless, hemorrhagic infarction, if present, is a fac-
tor for poor clinical outcome in major strokes.

Results may not be translated to all types of TOF imaging
protocols. For the 1.5T MR imaging scanner in this study, we used
a standard TOF protocol for a fast clinical routine in stroke triage
with sufficient visualization of major secondary and tertiary arte-
rial branches. Collateral resolving power for outcome classifica-
tion may improve considerably at higher field strengths with in-
creased conspicuity of distal vessel segments combined with
increased spatial imaging resolution.”® Furthermore, at the ex-
pense of limited acquisition time in stroke imaging, additional
contrast could be achieved by using a superior saturation band
and magnetization transfer contrast or by variation of saturation
flip angles.

CONCLUSIONS

In ischemic stroke patients with proximal anterior circulation oc-
clusion, visual collateral scoring of CE- but not TOF-MRA is a
reliable predictor of infarct outcome. CE- and TOF-MRA both
contain predictive signal information for penumbral reperfusion
by quantitative atlas-based collateral assessment. Further research
should target and differentiate flow- and blood volume—depen-
dent signal of collateralized vasculature in stroke MR imaging for
outcome prediction and patient stratification.

Disclosures: Jens Fiehler—UNRELATED: Consultancy: Codman, Stryker, MicroVention;
Grants/Grants Pending: Codman, Stryker, MicroVention; Payment for Lectures (in-
cluding service on Speakers Bureaus): Penumbra, Philips, Covidien; Travel/Accom-
modations/Meeting Expenses Unrelated to Activities Listed: Covidien.* *Money
paid to the institution.
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ORIGINAL RESEARCH
BRAIN

Effects of Agmatine on Blood-Brain Barrier Stabilization
Assessed by Permeability MRI in a Rat Model of Transient
Cerebral Ischemia

S.S. Ahn, S.H. Kim, J.E. Lee, KJ. Ahn, DJ. Kim, H.S. Choi, J. Kim, N.-Y. Shin, and S.-K. Lee

M
2

ABSTRACT

BACKGROUND AND PURPOSE: BBB disruption after acute ischemic stroke and subsequent permeability increase may be enhanced by
reperfusion. Agmatine has been reported to attenuate BBB disruption. Our aim was to evaluate the effects of agmatine on BBB stabilization
in a rat model of transient cerebral ischemia by using permeability dynamic contrast-enhanced MR imaging at early stages and subse-
quently to demonstrate the feasibility of dynamic contrast-enhanced MR imaging for the investigation of new therapies.

MATERIALS AND METHODS: Thirty-four male Sprague-Dawley rats were subjected to transient MCA occlusion for 90 minutes. Imme-
diately after reperfusion, agmatine (100 mg/kg) or normal saline was injected intraperitoneally into the agmatine-treated group (n = 17) or
the control group, respectively. MR imaging was performed after reperfusion. For quantitative analysis, regions of interest were defined
within the infarct area, and values for volume transfer constant, rate transfer coefficient, volume fraction of extravascular extracellular
space, and volume fraction of blood plasma were obtained. Infarct volume, infarct growth, quantitative imaging parameters, and numbers
of factor Vlll-positive cells after immunohistochemical staining were compared between control and agmatine-treated groups.

RESULTS: Among the permeability parameters, volume transfer constant and volume fraction of extravascular extracellular space were
significantly lower in the agmatine-treated group compared with the control group (0.05 = 0.02 minutes ™' versus 0.08 =+ 0.03 minute ',
P = .012, for volume transfer constant and 0.12 = 0.06 versus 0.22 = 0.15, P = .02 for volume fraction of extravascular extracellular space).
Other permeability parameters were not significantly different between the groups. The number of factor Vlll—positive cells was less in the
agmatine-treated group than in the control group (3-fold versus 4-fold, P = .037).

CONCLUSIONS: Inischemic stroke, agmatine protects the BBB, which can be monitored in vivo by quantification of permeability by using
dynamic contrast-enhanced MR imaging. Therefore, dynamic contrast-enhanced MR imaging may serve as a potential imaging biomarker
for assessing the BBB stabilization properties of pharmacologic agents.

ABBREVIATIONS: DCE = dynamic contrast-enhanced; K" = volume transfer constant

BB disruption occurs within 1-2 hours after acute ischemic
stroke by inflammatory cytokines and proteases." Although
thrombolysis has been increasingly used for the treatment of acute
ischemic stroke, reperfusion after thrombolytic therapy has been
reported to enhance BBB breakdown and, consequently, symp-
tomatic hemorrhagic transformation, which is a fatal complica-
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tion of ischemic stroke.>” Therefore, evaluation of the therapeutic
effect of a BBB blocking agent is important to improve treatment
outcomes in patients with stroke. One can estimate the permea-
bility properties of the BBB by using various techniques; however,
many of these methods are invasive or suitable only for animal
models.* Many studies have used MR imaging to measure BBB
permeability to develop a feasible clinical technique for evaluating
the integrity of the BBB and predicting hemorrhagic transforma-
tion in acute ischemic stroke.”” Dynamic contrast-enhanced
(DCE)-MR imaging by using contrast agents, an emerging MR
imaging technique based on kinetic modeling of microvascular
permeability, enables quantification of BBB breakdown.® A recent
animal study reported that increased permeability measured by
MR imaging correlates well with BBB disruption and hemor-
rhagic transformation on histology.’

A number of investigators have explored the use of neuropro-
tective drugs in animal experimental models to salvage regions of
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FIG 1. Flowchart overview of the experimental protocols.

ischemia and to minimize reperfusion injury.'®"'> Agmatine is a
primary amine formed by decarboxylation of L-arginine and has
been shown to protect neurons by blocking the N-methyl-D-as-
partate receptor or nitric oxide synthase.'> Because a previous
animal study reported that agmatine showed a protective effect in
rodent models of neurotoxic and ischemic brain injuries,"* many
additional studies have also shown beneficial effects of agmatine
and its mechanisms.'>"'” Another recent study also suggested that
agmatine attenuated BBB disruption and consequently reduced
brain swelling when administered at the time of reperfusion.'*

Therefore, the aim of this study was to quantitatively evaluate
the BBB stabilization effect of agmatine in rat models of transient
cerebral ischemia by using DCE-MR imaging at early stages and
subsequently to demonstrate the feasibility of DCE-MR imaging
for the investigation of new therapies.

MATERIALS AND METHODS

Animal Preparation

All animal procedures were performed according to a protocol
approved by the Institutional Animal Care and Use Committee in
accordance with National Institutes of Health guidelines. Thirty-
four male Sprague-Dawley rats (Orient Bio, Seongnam, Korea)
weighing 250-300 g were subjected to transient middle cerebral
artery occlusion. Animals were anesthetized with Xylazine, 10
mg/kg, and Zoletil, a combination of tiletamine and zolazepam,
30 mg/kg, intraperitoneally. Rectal temperature was maintained
at 37°C by a heating pad during the operation. The depth of an-
esthesia was assessed by toe pinch every 15 minutes. Middle cere-
bral artery occlusion was induced by using the filament model as
previously described.'® Briefly, under an operating microscope,
an uncoated 23-mm segment of 4—0 polypropylene monofila-
ment suture with the tip rounded by flame was inserted into the
arteriotomy and advanced into the internal carotid artery approxi-
mately 19—-20 mm from the bifurcation to occlude the ostium of the
middle cerebral artery. After 90 minutes, the suture was withdrawn
and surgical incisions were closed. The animal was allowed to awaken
and recover with free access to food and water. We injected 100
mg/kg of agmatine mixed in normal saline solution intraperitoneally
immediately after reperfusion in the agmatine-treated group (n =
17). In the experimental control group, the animals received an
equivalent volume of normal saline (n = 17). The experimental de-
sign is shown in Fig 1. Four rats were excluded because they died
before MR imaging acquisition (2 rats in the agmatine-
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treated group and 2 rats in the control
group). Seven rats died after MR imaging
acquisition and before we obtained
pathologic specimens (2 rats in the agma-
tine-treated group and 5 rats in the con-
trol group), and they were included only
for image analysis.

Image Acquisition
After anesthesia with Rumpun, 10 mg/kg,
and Zoletil, 30 mg/kg, intraperitoneally,
MR imaging was performed by usinga 3T
system (Achieva; Philips, Best, Nether-
lands) and an 8-channel coil. Animals
were divided into 2 sets to correlate MR
imaging with histopathology at 2 different stages. MR imaging
was performed 4 and 30 hours after reperfusion in 18 rats (set 1:
n = 9 agmatine-treated, n = 9 controls) and only 4 hours after
reperfusion in 12 rats (set 2: n = 6 agmatine-treated, n = 6 con-
trols) before obtaining the specimens. All images were obtained in
the coronal plane with a 60-mm FOV. Pre- and postcontrast T1-
weighted (TR/TE, 625/18 ms), T2-weighted (TR/TE, 2006/80
ms), and T2*-weighted (TR/TE, 549/16 ms) images were acquired
with 2-mm section thickness, 0.2-mm section gap, and 192 X 192
matrix. Diffusion-tensor imaging was performed by applying 6
different directions of orthogonal diffusion gradients and b-val-
ues of 600 and 0 s/mm? (TR/TE, 3327/52 ms; 2-mm section thick-
ness; 0.2-mm section gap; 128 X 128 matrix). To achieve quanti-
tative hemodynamic measurements of cerebral permeability and
perfusion, we injected 2 boluses via tail veins. The first bolus of
contrast was administered to measure permeability and served as
a preload bolus for the perfusion scans. For DCE-MR imaging,
precontrast 3D T1-weighted images were obtained with the fol-
lowing parameters: TR/TE, 13.2/6.5 ms; 112 X 112 mm matrix;
2-mm section thickness; 0.2-mm section gap; and flip angle, 5°.
After the precontrast scan, 60 dynamic contrast-enhanced T1-
weighted images were obtained with the same MR imaging pa-
rameters except for an increased flip angle of 15°. After acquisition
of the fifth image volume, gadolinium-based contrast, gadobutrol
(Gadavist, 0.2 mmol/kg; Bayer Schering Pharma, Berlin, Ger-
many) was injected. The total scan time for DCE-MR imaging was
4 minutes 30 seconds with a temporal resolution of 4.5 seconds.
Perfusion-weighted imaging (the rapid principles of echo shifting
with a train of observations; TR/TE, 26.6/38.2 ms; 64 X 64 matrix)
with 60 dynamic scans was performed following injection of the
second bolus of Gadavist (0.2 mmol/kg) 4 hours after reperfusion.
Relative cerebral blood volume maps were acquired by using
commercially available postprocessing software (ViewForum;
Philips), and reperfusion status was examined. All animals
showed >90% relative cerebral blood volume of the contralateral
hemisphere.

Image Analysis

Quantitative imaging analysis was performed by an investiga-
tor (a neuroradiologist with 4 years of experience) blinded to
the treatments. First, DICOM data of diffusion-tensor imaging
were transferred to a commercial software package (nordicICE;



FIG 2. Semiautomatic measurement of infarct volume on diffusion-
weighted imaging. The infarcted area with diffusion restriction is
semiautomatically segmented (right) by using a commercial software
package.

NordicNeuroLab, Bergen, Norway). On diffusion-weighted im-
ages, infarct volumes were calculated by using a semiautomated
thresholding method to identify regions of interest with high sig-
nal intensity (Fig 2), and infarct volume fraction was expressed as
a percentage of the ipsilateral hemisphere volume. Then, volumes
of infarct growth were calculated in set 1.

All images were reviewed, and sections with the largest infarct
area, near the sections of Bregma 1.60 mm, were selected for
quantitative analysis of DCE-MR imaging.

All image data from DCE-MR imaging were transferred to an
independent workstation for analysis. Permeability parameters
for each pixel from DCE-MR imaging—volume transfer constant
(K™"9), rate transfer coefficient, volume fraction of extravascular
extracellular space, and volume fraction of blood plasma—were
calculated, and color-coded parametric maps were generated by
off-line Pride tools provided by Philips, which are based on the
pharmacokinetic 2-compartment model of Tofts and Kermode.?
Postprocessing was composed of motion correction of pixels
from dynamic images, T1 mapping by using different flip angles
(5° and 15°), registration of pixels on the T1 map, arterial input
function estimation, and pharmacokinetic modeling. All these
processes were automatically performed by Pride tools except
drawing ROIs for the arterial input function. Arterial input func-
tion was measured several times at the area of the left internal
carotid artery, and the proper arterial input function showing
high amplitude, early sharp rise, and fast decay was selected for
processing. Each permeability parameter was obtained in the in-
farct area. Permeability maps were also used for estimating brain
tissue volume with BBB disruption, which was measured by ob-
taining pixel values and counting the numbers of pixels with K*"*"*
of >0. Volume with BBB disruption was also expressed as a per-
centage of the ipsilateral hemisphere.

Pathologic Specimens

After performing MR imaging, the rats were anesthetized with
Zoletil, 150 mg/kg, intravenously and perfused transcardially with
4% paraformaldehyde until the outflow fluid from the right
atrium was colorless. The brain was rapidly removed and embed-
ded in paraffin for histologic processing. Coronal sections (6-um
thick) were taken at 2-mm intervals through the brain region
corresponding to the MR imaging sections and stained with he-
matoxylin-eosin for histopathologic evaluation. Gross hemor-
rhage was defined as blood evident to the unaided eye on the
hematoxylin-eosin-stained sections and confirmed by micros-
copy. Microscopic hemorrhage was defined as blood evident only
by microscopy (original magnification X40).

Immunohistochemical Analysis

Seven rats were used in each group for immunohistochemical
analysis. Paraffin-embedded sections were rehydrated. After per-
meabilization with proteinase K, sections were immunostained
with primary antibodies against factor VIII (1:200 dilution) fol-
lowed by biotinylated secondary antibodies. Sections were visual-
ized by using horseradish peroxidase and then reacted with di-
aminobenzidine (DAB) as a substrate.

Images were observed and captured on an AX80 microscope
equipped with a DP-72 digital camera (Olympus, Shinjuku, To-
kyo, Japan). The stained cells were assessed in 2 consecutive cor-
onal sections with the largest infarct areas from each rat. All data
for immunohistochemistry were collected from 10 high-power
fields (original magnification, X200) within the infarct area per
slide. These included 5 regions from the striatum, 3 regions from
the parietal cortex, and 2 regions from the border area of infarct
showing the highest expression. Another 10 regions were selected
in the corresponding area in the contralateral hemisphere.

The captured images from immunohistochemistry were ana-
lyzed by an investigator blinded to the treatments with the aid of
Image] software (National Institutes of Health, Bethesda, Mary-
land). The numbers of factor VIII-positive cells were counted in
10 images from the infarct area and contralateral hemisphere and
expressed as a ratio.

Statistical Analysis

Infarct volume and volume with BBB disruption showed interac-
tion with groups and time; therefore, linear mixed modeling fol-
lowed by Bonferroni correction was used for between-group
comparisons and within-group comparisons at different time
points. Otherwise, independent t tests were performed to com-
pare infarct growth, quantitative imaging parameters, and num-
bers of factor VIII-positive cells between control and agmatine-
treated groups on the basis of normality testing by the
Kolmogorov-Smirnov test. All statistical analyses were performed
by using statistical software (SAS, Version 9.2 m; SAS Institute,
Cary, North Carolina). Pvalues < .05 were considered significant.

RESULTS

Image Analysis

To investigate the effect of agmatine on ischemic damage, we
assessed infarct volume by MR imaging and found that agmatine
significantly reduced infarct volume. Absolute infarct volumes
were 160.7 * 69.4 mm® in the agmatine-treated group and 250 *
60.4 mm? in the control group at 4-hour reperfusion (P < .001).
Infarct-volume fractions to the ipsilateral brain volume were
36.1 = 10.8% in the agmatine-treated group and 54.2 = 7.1% in
the control group at 4-hour reperfusion (P < .001). At 30-hour
reperfusion in set 1, infarct volumes were 45.8 = 13% in the
agmatine-treated group and 73.9 * 10.8% in the control group
(P < .001). In addition, infarct growth was less in the agmatine-
treated group than in the control group (60 * 44.4 mm” versus
130 = 55.2 mm?, P = .009).

DCE-MR imaging showed an increase in permeability param-
eters in the ipsilateral hemisphere of the middle cerebral artery
occlusion. There were no cases with positive values of permeabil-
ity parameters in the contralateral hemisphere on DCE-MR im-
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FIG 3. Permeability changes at 2 different time points. A, K" values. B, Brain tissue volume with BBB disruption expressed as a percentage of
the ipsilateral hemisphere. Square and diamond-shaped dots are mean values; horizontal lines above and below the dots represent 95%

confidence intervals. The asterisk indicates P < .05; 2 asterisks, P < .01).

FIG 4. Representative MRimages. Infarcted areas can be seen as hyperintensity on T2-weighted
images (A and D). The color-coded permeability maps obtained 4 hours after reperfusion dem-
onstrate increased permeability in the infarcted areas (B and E). The mean K" values were
0.05 = 0.02 minutes ' in the agmatine-treated groups and 0.08 =+ 0.03 minutes ' in the control
group (P = .012). C and F, K" curves fit the data points (small plus sign) in the corresponding

maps.

Permeability imaging parameters measured 4 hours after reperfusion®

erfusion, P = .06). Other permeability pa-
rameters were not significantly different
between the groups at each time point
(Table). The volume with BBB disruption
estimated from the permeability map was
significantly less in the agmatine-treated
group than in the control group. The vol-
umes were 10.4 * 8.7% in the agmatine-
treated group and 32.5 *= 16.5% in the
control group at 4-hour reperfusion (P <
.001) (Fig 3). At 30-hour reperfusion in
set 1, the volumes with BBB disruption
were 5.8 * 5.1% in the agmatine-treated
group and 15.2 * 8.6% in the control
group (P = .367). Overall, the volume
with BBB disruption at 30-hour reperfu-
sion was significantly less than that at
4-hour reperfusion (22.4 * 15.4% at
4-hour reperfusion versus 10.5 * 8.4%
at 30-hour reperfusion, P < .001).

Histopathologic Analysis

Control Group  Agmatine-Treated Group : On histopathologic examination, gross

(Dol Hial=Ns) P Value hemorrhage was observed within the

K" (min”) 0.08 = 0.03 0.05=002 o2 ischemic region of 2 rats in the agmatine-
Kep (min ") 046 + 0.3 044 = 0.28 856 & neas

Ve 022 + 015 012 + 0.06 02 treated group and 2 rats in the control

Vp 0.042 + 0.03 0.038 *+ 0.02 187 group. In addition, microscopic hemor-

Volume of BBB disruption (%) 32.5£16.5 104 =87 <.001 rhage was observed in 1 agmatine-treated

Note:—Kep indicates rate transfer coefficient; Ve, volume fraction of extravascular extracellular space; Vp, volume

fraction of blood plasma.
Data are means.

aging. Among the permeability parameters, K"*™ and volume
fraction of extravascular extracellular space were significantly
lower in the agmatine-treated group compared with the control
group (0.05 = 0.02 minutes ' versus 0.08 + 0.03 minutes ', P =
.012, for K™ and 0.12 = 0.06 versus 0.22 * 0.15, P = .02, for
volume fraction of extravascular extracellular space) 4 hours after
reperfusion (Figs 3 and 4). However, K"**"* and volume fraction of
extravascular extracellular space measured 30 hours after reper-
fusion in set 1 were not significantly different between the 2
groups. Overall, there was a tendency of K™ to decrease with

1

time without statistical significance (0.06 * 0.03 minutes ' at

4-hour reperfusion versus 0.05 = 0.03 minutes ' at 30-hour rep-
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rat and 2 control rats.

The ratio of the number of factor
VIII-positive cells in the ipsilateral to that
in contralateral hemispheres was lower in
the agmatine-treated group than in the control group (3.1-fold
versus 4-fold, P = .037) (Fig 5). The ratio of the number of factor
VIII-positive cells in the ipsilateral to that in contralateral hemi-
spheres in set 2, from which histopathology was obtained after the
first MR imaging acquisition, was lower than thatin set 1 (2.8-fold
versus 3.9-fold, P = .021).

DISCUSSION

In this study, we found that agmatine protects the BBB in isch-
emic stroke and the BBB stabilization effect of agmatine can be
monitored in vivo by quantification of permeability by using
DCE-MR imaging. K", volume fraction of extravascular extra-



FIG5. Immunohistochemical staining with primary antibodies against
factor VIII. The ratio of the number of factor Vlll-positive cells
(brown) in the ipsilateral to that in contralateral hemisphere was
lower in the agmatine-treated group (upper row) than in the control
group (lower row) (3.1-fold versus 4-fold, P = .037) (original magnifi-
cation X200).

cellular space, and brain tissue volume with BBB disruption were
significantly less in the agmatine-treated group than in the control
group at 4-hour reperfusion. Our results support a previous study
that showed the protective effects of agmatine on the BBB by using
Evans blue.'! Moreover, in another previous study, decreased ex-
pression of matrix metalloproteinase by agmatine was suggested
as a possible mechanism limiting BBB disruption because matrix
metalloproteinases are known to be associated with BBB disrup-
tion and subsequent vasogenic edema after cerebral ischemia.'®
Although Evans blue has been widely used to assess BBB disrup-
tion with its property of binding to serum albumin, it is only
available for use in animal models.>®* DCE-MR imaging provides
both permeability values and spatial maps of permeability
changes without killing the animals, which enabled us to investi-
gate the BBB blocking properties of pharmaceutical agents as a
longitudinal study by acquiring multiple images at different time
points. In addition, MR imaging is a more sensitive measure of
BBB disruption because of the lower molecular weight of gado-
linium compared with that of Evans blue as described in a previ-

).2! Therefore,

ous experimental study (604.7 Da versus 75.8 kDa
in the present study, DCE-MR imaging was used for monitoring
the time course of focal cerebral ischemia and the BBB stabiliza-
tion effects of agmatine.

Our results showed a significant increase of K" and brain-
tissue volume with BBB disruption at 4-hour reperfusion, which
may be attributed to increased inflammatory and oxidative stress
on the BBB after reperfusion.>>** There was a tendency of K"
to decrease with time, and brain tissue volume with BBB disrup-
tion at 30-hour reperfusion was less than that at 4-hour reperfu-
sion. Previous experimental studies have also shown a biphasic
opening of the BBB after transient ischemic injury, which has
been generally accepted.”>**** Even though the mechanisms of
this partial recovery of the BBB at 30-hour reperfusion are not
well-understood, the results suggest that the reverse of reactive
oxygen species-mediated disassembly of tight junction proteins
within 6 hours may contribute to a decrease in the extravasation

of gadolinium contrast agent.>> On the other hand, recent animal
studies have demonstrated continuous opening of the BBB.>"*
However, they also observed a nonsignificant drop in gadolinium
enhancement and Evans blue extravasation at 24- and 36-hour
reperfusion, which can be explained by microvascular plugging
caused by infiltrating neutrophils, fibrin, and platelets. Therefore,
longitudinal studies with a large number of subjects need to be
conducted to investigate temporal changes of the BBB and its
mechanisms.

We performed immunohistochemical staining with factor
VIII to assess angiogenesis following cerebral ischemia and found
that the expression of factor VIII-positive cells was less in the
agmatine-treated group than in the control group. These results
may be because BBB disruption in the agmatine-treated group
was significantly less than that of the control group according to
DCE-MR imaging. Because the formation of new microvessels is a
hallmark tissue response to ischemic injury, reduced expression
of factor VIII-positive cells in the agmatine-treated group may be
attributed to the protective effect of agmatine on the BBB. Overall,
the expression of factor VIII-positive cells was lower at 4-hour
reperfusion than at 30-hour reperfusion. Although expression of
angiogenesis-related factors begins within 1-2 hours after focal
ischemia, it increases for up to 14 daysl; therefore, new vessels can
be visualized better at later stages.

An increase in permeability measured by DCE-MR imaging
may not directly reflect hemorrhagic transformation because the
size of the gadolinium molecule is much smaller than that of
red blood cells. Although BBB disruption was demonstrated in
all cases of transient ischemic stroke, gross hemorrhage was
observed in 2 rats of the agmatine-treated group and 2 rats of
the control group. Therefore, on the basis of the results from
this study, it is difficult to say whether agmatine would have a
potential benefit preventing gross hemorrhage, which is clini-
cally significant.

Agmatine was administered immediately after reperfusion be-
cause this timing is optimal for using agents with BBB blocking
properties in a clinical setting. In addition, a previous animal ex-
perimental study reported that agmatine showed neuroprotective
effects up to 4 hours after reperfusion.'® Further studies are
needed to investigate functional recovery and ultimate stroke out-
come when agmatine is administered early, late, or throughout
the phase of ischemic injury because timely pharmacotherapy is
important for dynamic temporal changes in BBB permeability.

If the treatment window for effective reperfusion therapy can
be expanded with agmatine, considerably more patients with
stroke would be eligible for therapy. The results of the present
study suggest that DCE-MR imaging has the potential to provide
imaging biomarkers that are valuable for adjunctive therapy to
reduce complications associated with thrombolytic therapy in
ischemic stroke.

There are several limitations in our study. First, spatial maps of
permeability could not be correlated with images of immunobhis-
tochemical staining because it is not technically possible to match
regions on both MR imaging and histopathology. Second, the
long-term effects of agmatine could not be assessed because the
rats were sacrificed to obtain pathologic specimens right after we
performed MR imaging. Further studies are warranted to deter-
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FIG 6. Immunohistochemical staining with high power (original mag-
nification X400). Factor VIl is stained in the endothelium along the
blood vessels.

mine the neuroprotective effects of agmatine, such as functional re-
covery, with serial follow-up. Third, a 3T MR imaging scanner, which
is not dedicated for animal imaging, was used in this study. However,
itis commonly used in clinical practice, and acceptable images can be
obtained to evaluate permeability in rat stroke models. Thus, a 3T
MR imaging scanner with the methods identical to those used in this
study may possibly be applied in humans. Last, because we had tried
to stain the brain tissue by immunoperoxidase, we did not perform
reference staining such as 4',6-diamidino-2-phenylindole staining,
which is necessary to prove that the factor VIII was stained in the cell.
Instead, we confirmed that factor VIII was stained in the endothe-
lium along the blood vessels with higher power magnification (orig-
inal magnification X400) (Fig 6).

CONCLUSIONS

Agmatine protects the BBB in ischemic stroke, which can be mon-
itored in vivo by quantification of permeability by using DCE-MR
imaging. Therefore, DCE-MR imaging may serve as a potential
imaging biomarker for assessing the BBB stabilization properties
of pharmacologic agents, including agmatine, at early stages to
reduce complications associated with thrombolytic therapy in
ischemic stroke.
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ABSTRACT

BACKGROUND AND PURPOSE: Intracranial collaterals influence the prognosis of patients treated with intravenous tissue plasminogen
activator in acute anterior circulation ischemic stroke. We compared the methods of scoring collaterals on pre-tPA brain CT angiography
for predicting functional outcomes in acute anterior circulation ischemic stroke.

MATERIALS AND METHODS: Two hundred consecutive patients with acute anterior circulation ischemic stroke treated with IV-tPA
during 20102012 were included. Two independent neuroradiologists evaluated intracranial collaterals by using the Miteff system, Maas
system, the modified Tan scale, and the Alberta Stroke Program Early CT Score 20-point methodology. Good and extremely poor
outcomes at 3 months were defined by modified Rankin Scale scores of 0—1and 5-6 points, respectively.

RESULTS: Factors associated with good outcome on univariable analysis were younger age, female sex, hypertension, diabetes mellitus,
atrial fibrillation, small infarct core (ASPECTS =8), vessel recanalization, lower pre-tPA NIHSS scores, and good collaterals according to Tan
methodology, ASPECTS methodology, and Miteff methodology. On multivariable logistic regression, only lower NIHSS scores (OR, 1186
per point; 95% Cl, 1.079-1.302; P = .001), recanalization (OR, 5.599; 95% CI, 1.560-20.010; P = .008), and good collaterals by the Miteff
method (OR, 3.341; 95% Cl,1.203-5.099; P = .014) were independent predictors of good outcome. Poor collaterals by the Miteff system (OR,
2.592; 95% Cl, 1.113-6.038; P = .027), Maas system (OR, 2.580; 95% Cl,1.075-6.187; P = .034), and ASPECTS method =5 points (OR, 2.685; 95%
Cl,1156—6.237; P = .022) were independent predictors of extremely poor outcomes.

CONCLUSIONS: Only the Miteff scoring system for intracranial collaterals is reliable for predicting favorable outcome in thrombolyzed
acute anterior circulation ischemic stroke. However, poor outcomes can be predicted by most of the existing methods of scoring
intracranial collaterals.

ABBREVIATION: AAIS = acute anterior circulation ischemic stroke

Acute occlusion of an intracranial artery is responsible for the  achieving timely recanalization remains the main aim of acute

clinical manifestations in acute anterior circulation ischemic stroke care.?
stroke (AAIS), and rapid dissolution of the offending arterial

thrombi often leads to dramatic clinical recovery.1 Therefore,

Although the parenchymal ischemic injury is restricted to the
vascular territories of the index artery, neuronal damage and its
clinical manifestations are not uniform in patients with AAIS,
especially during the first few hours after an acute intracranial
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occlusion. These phenomena are observed due to, atleast to some
extent, variations in the quality and quantity of collateral perfu-
sion.” Detailed imaging studies have shown that progression to
complete infarction is highly variable and the process might take
many hours or even days to complete.*

Irrespective of the mechanism of ischemia, various collateral
pathways are recruited to limit ischemic injury to the brain.>”
The wide variations in the clinical manifestations and the rates
and extent of neurologic recovery in patients with AAIS may be
attributable to these collateral pathways, comprising an intact cir-
cle of Willis, and the state of leptomeningeal collaterals connect-
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FIG 1. Miteff system. A, Contrast opacification is seen merely in the distal superficial branches.
B, Vessels can be seen at the Sylvian fissure. C, Major vessels are reconstituted distal to the

occlusion.

ing vascular territories. An acute intracranial occlusion produces
an area of ischemic penumbra, the extent being dependent on
residual and the collateral blood flow.?'° Intravenously adminis-
tered tissue plasminogen activator, the only approved drug ther-
apy in AAIS, can salvage this penumbra if arterial recanalization is
achieved in time. CT angiography of the brain is frequently per-
formed for AAIS. Various methods have been described for the
assessment of intracranial collaterals on CTA in patients with
AAIS. However, there is no consensus on the best method to eval-
uate and grade collaterals. Current methods of assessment of col-
laterals are largely qualitative or semiquantitative, without any
clear indication of the superiority of one technique over another.
We compared various methods of scoring collaterals on the pre-
treatment CTA of the brain to determine their value in the pre-
diction of functional outcome in our patients with AAIS treated
with IV-tPA.

Ethics approval for this project was obtained from the institu-
tional review board.

MATERIALS AND METHODS

We identified patients from our acute stroke data base; consecu-
tive patients with AAIS treated with IV-tPA from January 2010 to
December 2012 were considered for the study. Inclusion criteria
were patients with AAIS who had a pretreatment CTA performed
and then underwent IV-tPA. Patients who were pregnant, had
poor-quality CTA scans, had only distal anterior cerebral artery
occlusion, or were unable to come for follow-up appointments
were excluded from the study. If consent could not be obtained
from the patient or relatives, the patients were also excluded. We
collected data for demographic characteristics and various vascu-
lar risk factors such as hypertension, diabetes mellitus types 1 and
2, dyslipidemia, atrial fibrillation, and smoking. Systemic blood
pressure values were recorded for all patients at presentation, and
levels were maintained during the first few days according to the
recommended guidelines."" AAIS was classified into various sub-
types by using the Trial of Org 10172 in Acute Stroke Treatment
classification on the basis of the etiopathologic mechanisms.'?
National Institutes of Health Stroke Scale scores were recorded
for all patients by credentialed neurologists before the IV-
tPA bolus and at 2 and 24 hours after treatment initiation. Func-
tional outcome was assessed by modified Rankin Scale at 3
months. Good and poor functional outcomes were defined by
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mRS scores of 0—1 and 2—6, respectively.
Extremely poor outcomes were defined
by mRS scores of 5-6.

In addition to the noncontrast CT
scan of the brain, high-resolution CTA
was performed in all patients. In patients
with no contraindication for the radio-
contrast injection (specifically, contrast
allergy or serum creatinine levels of >110
mol/L), high-resolution CTA was per-
formed on a 64-section multidetector he-
lical scanner (Brilliance; Philips Health-
care, Best, the Netherlands), and images
were acquired with a 70-mL bolus injec-
tion of contrast at 3 mL/s followed by 30
mL of saline at 3 mL/s into the antecubital
vein. Scanning was triggered by using bolus tracking, with the
region of interest placed in the posterior aortic arch with the trig-
ger threshold set at 150 HU. Scan parameters at our institution
were the following: section thickness, 1 mm; no section gap; FOV,
200 mm; matrix, 512 X 512; and 230-250 mAs. Coverage was
from the base of the skull to the vertex, and the source images were
reformatted into 3-mm-thick axial, coronal, and sagittal projec-
tions. MIPs were routinely provided as part of CTA; no 3D recon-
structions were performed.

All CTA images were anonymized and reviewed at the same
workstation, independently by 2 experienced neuroradiologists
(E.T. and G.B.) blinded to the patient clinical information and
results. Each CTA study was evaluated for intracranial collaterals
according to the 4 following predefined criteria:

Miteff System. The system of Miteff et al'? is a 3-point score that
grades middle cerebral artery collateral branches with respect to
the Sylvain fissure and can be performed rapidly. The grades as-
signed are the following: 3 (if the vessels are reconstituted distal to
the occlusion), 2 (vessels can be seen at the Sylvian fissure), or 1
(when the contrast opacification is merely seen in the distal su-
perficial branches) (Fig 1).

Maas System. The system of Mass et al'*
compares collaterals on the affected hemisphere against those on

is a 5-point score that

the unaffected side. It uses the Sylvian fissure vessels or leptomen-
ingeal collaterals as internal controls. The score ranges are 5 (ex-
uberant), 4 (more than those on the contralateral side), 3 (equal to
those on the contralateral side), 2 (less than those on the con-
tralateral side), and 1 (no vessel opacification) (Fig 2).

Modified Tan Scale. The modified scale of Tan et al'® is the sim-
plest system that classifies the collaterals as “good” if seen in
=50% of the MCA territory and “poor” when they are seen in
<50% of the territory. This system allows a rapid assessment and
is less prone to differences in opinion (Fig 3).

Alberta Stroke Program Early CT Score Methodology using a 20-
Point Grading Scale. Collaterals are scored in regions corre-
sponding to the ASPECTS system. Lenticulostriate arteries in the
basal ganglia arising from retrograde-filling MCAs distal to an
occlusion are included in the scoring. The system scores the extent
of contrast opacification in arteries distal to the occlusion (0,



FIG 2. Maas system. A, No vessel opacification. B, Opacification less than that on the contralat-
eral side. Opacification equal to that on the contralateral side is not shown. C, More opacifica-
tion than that on the contralateral side. D, Exuberant.

FIG 3. Modified Tan system. A, Less than 50% of the MCA territory. B, More than 50% of the
MCA territory.

internal capsule, and lentiform nucleus to

form a score from 0 to 20 (Fig 4).'®'”

Statistical Methods

We present the numeric variables as mean
and SD or median and range. Categoric
variables are presented as percentages.
Numeric predictors were tested by using a
2-sample f test or Mann-Whitney U test
when applicable. Categoric variables were
evaluated by using the x> test or Fisher
exact test when applicable. Variables
found to have a significant association
(P < .05) were entered into the multivari-
able model to perform logistic regression
for determining the independent predic-
tors of the prespecified good and bad
functional outcomes at 3 months. To im-
prove the robustness of our statistical
model, we also included variables with
P < .10 into a multivariable logistic re-
gression model with a backward stepwise
selection procedure. Associations are pre-
sented as odds ratios with corresponding
95% confidence intervals. Interobserver
variability for the assessment of collateral
status between the 2 observers was tested
by using k statistics. Statistical analyses
were performed by using the Statistical
Package for Social Sciences, Version 20
(IBM, Armonk, New York).

RESULTS
In the study time, 2409 patients with
strokes were seen, and of these, 200 pa-
tients satisfied the inclusion criteria for
this study. The median age was 63 years
(range, 33-92 years), and 31.5% were
women. The pre-tPA median NIHSS
score was 19 points (range, 3-33). A rela-
tively higher proportion (73, 36.5%) of
patients had atrial fibrillation. Other fac-
tors are listed in Table 1. Overall, 93
(46.6%) patients achieved good func-
tional outcome at 3 months, and ex-
tremely poor outcomes were noted in 34
(17%) patients (Fig 5). mRS 0-2 at 3
months was achieved in 107 (53.5%)
patients.

The degree of agreement between the
2 independent neuroradiologists for in-
terpreting the collaterals was best for the
modified Tan system (k = 0.93; 95% CI,
0.91-0.95). The level of agreement for the

artery not seen; 1, less prominent; 2, equal or more prominent  grading of collaterals by other systems was the following: Mass

compared with a matching region in the opposite hemisphere) inthe ~ system (k = 0.82;95% CI, 0.75—0.84 for leptomeningeal and k =
6 ASPECTS cortical regions (M1-6), the caudate, insular ribbon, 0.87;95% CI, 0.80—0.91 for Sylvian fissure vessels), Miteff system
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(k =0.91;95% CI, 0.86—0.93), and ASPECTS-based grading sys-
tem (k = 0.77; 95% CI, 0.70-0.81).

On univariable analysis, younger age, female sex, hyperten-
sion, diabetes, atrial fibrillation, small infarct core on noncontrast
CT (ASPECTS =8), recanalization of the vessel, lower pre-tPA
NIHSS scores, and good collaterals according to Tan methodol-
ogy, ASPECTS methodology, and Miteff methodology were
found to be significantly associated with good functional out-

FIG 4. The ASPECTS system scores arteries distal to the occlusion (O,
artery not seen; 1, less prominent; 2, equal or more prominent com-
pared with a matching region in the opposite hemisphere) in the 6
ASPECTS cortical regions (M1-6), the caudate, insular ribbon, internal
capsule, and lentiform nucleus to form a score from 0 to 20.

Table 1: Baseline characteristics of the study population
(N = 200)

Variables No.
Median age (range) (yr) 63 (35-92)
Female sex (%) 63 (31.5)
Hypertension (%) 131 (65.5)
Diabetes (%) 60 (30)
Dyslipidemia (%) 102 (51)
Smoker (%) 57 (28.5)
Atrial fibrillation (%) 73 (36.5)
Pre-tPA systolic BP (range) 152 (110-215)
Pre-tPA NIHSS score (range) 19 (3-33)

Median onset to treatment (range)
TOAST criteria

155 (73-275)

Large-artery atherosclerosis 52 (26%)
Cardioembolic 96 (48%)
Lacunar 0(0%)
Undetermined cause 42 (21%)
Stroke of other etiology 10 (5%)
Location of occlusion
Tandem 6(3%)
Terminal ICA 53 (26.5%)
M1 76 (38%)
Distal MCA 65 (32.5%)
Modified Rankin Scale 0-1at 3 mo (%) 93 (46.6)
Modified Rankin Scale 5-6 at 3 mo (%) 34 (17)

Note:—TOAST indicates Trial of Org 10172 in Acute Stroke Treatment'; BP, blood
pressure.

FIG 5. Three-month functional outcomes of patients by the modified Rankin Scale 0—6.
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comes (Table 2). On multivariable logistic regression, only lower
NIHSS (OR, 1.186 per NIHSS point; 95% CI, 1.079-1.302; P =
.001), the presence of recanalization (OR, 5.599; 95% CI, 1.560—
20.010; P = .008), and Miteff grading system for intracranial col-
laterals (OR, 3.341;95% CI, 1.241-8.996; P = .017) were found to
independently predict good functional outcome. While modified
Tan and Maas methodologies failed to predict good functional
outcome, ASPECTS methodology showed a trend toward statis-
tical significance (OR, 1.784 per point; 95% CI, 0.820-9.761; P =
.068). On ordinal regression analysis Miteff grading was still the
most effective (On-line Table).

During the analyses for extremely poor outcome (mRS 5-6) at
3 months, the Miteff grading system with only distal superficial
branches reconstituted (OR, 2.592; 95% CI, 1.113-6.038; P =
.027), the Maas grading system with absent collaterals on the af-
fected side (OR, 2.580; 95% CI, 1.075-6.187; P = .034), and
ASPECTS methodology score =5 points (OR, 2.685;95% CI, 1.156—
6.237; P = .022) were significantly associated with poor outcome at
3 months. Other significant cofactors were higher NIHSS score
(OR, 1.143 per point; 95% CI, 1.057-1.235; P = .001) and older
age (OR, 1.040 per year increase; 95% CI, 1.003-1.079; P = .034).
Symptomatic intracranial hemorrhage was observed in only 8
(4%) patients, while 26 (13%) patients died within the first 3
months after AAIS. None of the methods of collateral grading
could predict mortality or symptomatic intracranial hemorrhage.

DISCUSSION

Our results show that the Miteff system of grading intracranial
collaterals on CTA is the only method that could reliably predict
good outcomes at 3 months in patients treated with IV-tPA. Ex-
tremely poor outcome was easier to predict by most (Maas,
Miteff, and ASPECTS methodology) of the collateral grading
systems.

Studies in mice with MCA occlusions have shown that infarc-
tion is significantly smaller if extensive collaterals develop.® Sim-
ilarly, in humans, the presence of robust collateral flow on con-
ventional angiography is associated with smaller infarcts and
better clinical outcome.'®?! The presence of effective collateral
blood flow may influence the response to IV-tPA in AAIS by
transporting fibrinolytics to both sides of the thrombus and
facilitating its dissolution or limiting extension of the occlu-
sion.”>*** Furthermore, patients with good collaterals might
carry a lower risk of hemorrhagic complications.'”** Therefore,
information about collateral flow in AAIS may help in establish-
ing early prognosis and in planning various therapeutic ap-
proaches. For example, in patients with a higher risk of bleeding
or more associated comorbidities, a good Mitteff score could lead

the treating physician to initiate treat-
ment with IV-tPA. The converse can also
be true in patients with poor Mitteff
scores, in whom one might withhold IV-
tPA treatment.

Previous studies have demonstrated
an association between the degree of lep-
tomeningeal collaterals and good out-
come in patients not treated with IV-tPA

or endovascular intervention.?® However,



Table 2: Determinants of functional outcome in patients with thrombolyzed acute

ischemic stroke

CTA that provides information about

early and late arterial phases may serve as

Variable r(r;R_S ;)3—)1 r(r:'R_S;f);)G Pvalue. 2 better tool for the evaluation of intracra-
Median age (y7) (range) 58 (33-89) 71(4-92) 040 nial collaterals in acute ischemic str(.)ke
Female sex (%) 20 (215) 43(40.2) 005 and @ay serveasa surrogate; for perfusion
Hypertension (%) 51(54.8) 80(74.8) 034 studies, eventually becoming a part of
Diabetes (%) 22(23.6) 38(35.8) .069 standard routine reporting of CTAs in pa-
Dyﬁlipidemia.(%) 45(48.4) 57(533) 491 tients with acute ischemic stroke. How-
':;:li:rb(;l;atlon (%) ;; gg;)) 32 ggz)) 3(9)] ever, multiphasic CTA would need to be
Median NIHSS pre-tPA (range) 14 (3-29) 21(8-33) 477 evaluated and validated in a larger pro-
Mean SBP pre-tPA (range) 142(110-209) 154 (110-210) 777 spective study.
Median onset-to-treatment time (range) 152 (91-275) 158 (73-265) 199 Some limitations of our study need to
RERECIS = 36(387) 62(579) 010 be acknowledged. First, although we eval-
Recanalization of vessel 70(75.3) 76 (71) .040 d d ized coh £200
Good collaterals by Tan method 74 (79.6) 49 (45.8) .001 u‘ate a n.10 erate-sge cohorto pa-
Good collaterals by Miteff method 25(26.9) 66 (617) .001 tients, this sample size may not be suffi-
Good collaterals by Maas method 42(45.2) 23(215) .005 cient to analyze the subtle differences
Median score by ASPECTS methodology (range) 11(0-18) 8 (1-18) .021

among various collateral grading systems.

Note:—SBP indicates systolic blood pressure.

Rosenthal et al*”

reported that leptomeningeal collaterals showed
only a minimal positive impact in patients who did not achieve arte-
rial recanalization, and they did not show any impact if complete
recanalization of the occluded intracranial artery was achieved. We
hypothesized that a favorable pattern of leptomeningeal collaterals
on the pre-tPA CTA would result in improved functional outcome.
We evaluated the 4 most accepted methodologies to test our hypoth-
esis and to identify the best collateral grading system for predicting
outcome in our patients treated with IV-tPA.

Being a simple grading system, the modified Tan system is
easily reproducible among readers.'> However, it was not
found to be a useful predictor of good outcome. Similarly, the
ASPECTS-based grading system and the Maas system failed to
predict good functional outcome in our patients with thrombo-
lysed anterior circulation. Only the Miteff grading system could
determine good functional outcomes at 3 months. Perhaps, this
result is due to the focus on the Sylvian fissure, the insular region
that is known to predict the penumbral mismatch in acute MCA
infarcts.”® Good collaterals in these anatomic regions improve
perfusion, reduce final infarct size, and lead to better outcomes.
Focus on the easily recognizable landmarks (Sylvian fissure and
insula) and a high rate of reproducibility are the main strengths of
the Miteff scoring system and enable it to be a reliable predictor of
good outcome in patients with AAIS treated with IV-tPA.

Conventional angiography is considered the criterion stan-
dard for collateral-flow assessment, but its invasive nature limits
its use in clinical practice. Noninvasive and safer methods, includ-
ing transcranial Doppler and MR angiography, can evaluate larger
arteries such as the circle of Willis. However, they do not have
enough resolution to evaluate the leptomeningeal vascular bed.®
CTA is widely available and has a higher degree of spatial resolu-
tion, which enables the assessment of leptomeningeal collaterals.
Furthermore, CTA can be performed with concurrent imaging of
the cervical arteries and CT perfusion for the “multimodal” penum-
bral assessment.*>** Despite these advantages, only a few studies
have used CTA to assess the degree of collateral circulation in
AAIS.>*” With rapid advancements in technology, better meth-
ods for collateral assessment are evolving. Perhaps, a multiphasic

Second, despite their common aim of

predicting the prognosis, various grading
systems have their own inherent limitations. For example, the
Maas system is less accurate in patients with a previous intracra-
nial occlusion due to alimited side-to-side comparison. This find-
ing may be specifically relevant to our Asian cohort of patients
with AAIS with a high prevalence of intracranial stenosis.>" Sim-
ilarly, in the ASPECTS grading system, basal ganglia regions have
less vasculature and result in a higher weighting for leptomenin-
geal vessels. The location of the occlusion may also affect the pre-
dictive ability of the collateral scoring system. Third, despite its
high spatial resolution, CTA does not provide enough informa-
tion about flow dynamics. Therefore, CTA may lead to an over-
estimation of the degree of collateral circulation.>? Perhaps, con-
sideration of internal cerebral vein asymmetry in patients with
severe occlusive disease of the ICA or MCA may add significant
hemodynamic information to the preferred method of scoring
the intracranial collaterals in AAIS.>® Fourth, the retrospective
design of our study could be a limitation. However, the collateral-
grading readers were blinded to the clinical information and out-
come. Fifth, as evident from a high NTHSS score at presentation
(median, 19 points), our study included a larger proportion of
patients with severe AAIS. Finally, none of the methods of collateral
grading were associated with early mortality or symptomatic intra-
cranial hemorrhage. We suspect that this observation is related to the
sample size of our study, and a larger study is recommended to eval-
uate this association, especially between intracranial collateral grad-
ing and symptomatic intracranial hemorrhage.>®

CONCLUSIONS

Our study provides a comparative assessment of various grading
methods for intracranial collaterals for establishing an early prog-
nosis in patients with AAIS treated with IV-tPA. Only the Miteff
system was found to be a reliable predictor of favorable outcome
in IV-treated patients with AAIS. We believe that routine grading
and reporting of intracranial collaterals will rapidly become a part
of the standard stroke CTA reports as the clinical relevance be-
comes more and more apparent. Further larger scale prospective
studies, with evaluation of additional information about cerebral
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hemodynamics, are recommended to develop better grading cri-

teria for intracranial collaterals in AAIS.
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ABSTRACT

BACKGROUND AND PURPOSE: Arterial transit time is the time needed for blood to travel from large arteries to capillaries, as estimated
from arterial spin-labeling MR imaging. The purpose of this study was to determine whether vascular risk factors and cognitive perfor-
mance are related to regional differences in cerebral arterial transit time in patients with coronary artery disease who are at risk for
cognitive decline.

MATERIALS AND METHODS: Arterial transit time was estimated from multiple postlabel delay pseudocontinuous arterial spin-labeling
images obtained from 29 men with coronary artery disease. Tests of memory, attention, processing speed, and executive function were
administered. Principal component analysis was used to create separate models of cognition and vascular risk, which were related to brain
regions through voxelwise analyses of arterial transit time maps.

RESULTS: Principal component analysis identified 2 components of vascular risk: 1) “pressor” (age, systolic blood pressure, and pulse
pressure) and 2) “obesity” (body fat percentage and body mass index). Obesity was inversely related to arterial transit time in the posterior
cingulate, precuneus, lateral occipital cortices, middle temporal gyrus, and frontal pole (P corrected < .05), whereas pressor was not
significant. Cognitive scores were factored into a single component. Poor performance was inversely related to precuneus arterial transit
time (P corrected < .05). The average arterial transit time in regions identified by obesity was associated with poorer cognitive function
(=021t = —2.65 P = .0l).

CONCLUSIONS: Altered cerebral hemodynamics, notably in nodal structures of the default mode network, may be one way that vascular
risk factors impact cognition in patients with coronary artery disease.

ABBREVIATIONS: ASL = arterial spin-labeling; ATT = arterial transit time; BMI = body mass index; CAD = coronary artery disease; cog-PC = cognitive principal
component; CVLT-LDFR = California Verbal Learning Test long-delay free recall; LATT = large-artery transit time; PC = principal component; SBP = systolic blood

pressure

besity and hypertension are prevalent vascular risk factors
among older adults, known to impact brain structure and
function. Elevated body mass index (BMI), for example, has been
associated with reduced gray matter volume."> Furthermore,
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overweight or obese classifications in midlife have been linked to
decline in cognitive performance, involving memory, processing
speed, verbal fluency, and visuospatial domains® and an increased
risk of Alzheimer disease and vascular dementia.* Likewise, ele-
vated systolic blood pressure (SBP) has been associated with re-
duced cerebral tissue, which appears to be more specific to men
than women.” Elevated SBP also has been associated with cogni-
tive impairment, namely executive function, among older adults.®
Taking these findings into account, researchers have suggested
that vascular risk factors contribute to cognitive impairment
through cerebrovascular dysfunction itself.”®

In animal studies, hypertension and obesity lead to cerebro-
vascular remodeling, including thickened arteriolar walls, re-
duced lumen area, and rarefaction of the microcirculation.’ Ar-
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terial spin-labeling (ASL) is typically used to measure CBF as a
single measure of perfusion; acquiring multiple postlabel delays
permits more comprehensive hemodynamic estimates, including
arterial transit time (ATT). Although ASL is alow SNR technique,
considerable research has gone into modeling approaches that in-
corporate spatial and temporal information to produce robust voxel-
level estimates.''> Mapping the ASL arterial transit time, for in-
stance, is of interest because it reflects the time for labeled blood to
travel from the labeling plane to the microvascular perfusion site.
Previously, ATT has been used as an adjunct perfusion measure to
study minor stroke and transient ischemic attack,'* large artery ste-

no-occlusive disease,'>'®

multiple sclerosis,'”” and Alzheimer dis-
ease,"™'” but to date, it has not been used to examine the potential
effects of vascular risk factors on cognition, to our knowledge.

We have recently reported gray matter perfusion findings in
coronary artery disease (CAD) in the context of cerebrovascular
health.?® This population is relevant to the study of neurodegen-
erative disease risk because of the following: 1) They present with
multiple vascular risk factors that impact both the heart and the
brain, 2) have a propensity for small-vessel disease affecting the white
matter, and 3) have a higher susceptibility to cognitive decline.”"** In
older adults, obesity was recently reported to affect the functional
connectivity of the default mode network.”> We hypothesized that
regional ATT would be associated with aggregate measures of both

vascular risk and cognitive function in men with CAD.

MATERIALS AND METHODS

Participants

Twenty-nine male patients with a history of CAD provided writ-
ten informed consent and were recruited for this study. Sunny-
brook Research Institute and University Health Network research
ethics boards approved this study. After providing a detailed clin-
ical history, patients underwent MR imaging and performed a
battery of cognitive tests. Inclusion criteria were male sex, 55— 80
years of age, and a documented history of CAD characterized by
myocardial infarction, narrowing of at least 1 major coronary
artery on angiography, prior percutaneous coronary interven-
tion, or coronary artery bypass graft surgery. This study excluded
women due to the low referral rate of women to the cardiac reha-
bilitation program®* and reported differences in ATT between
men and women,*” which would have necessitated a larger sample
to include sex as a covariate. Patients were excluded on the basis of
a history of any neurodegenerative disorder. Demographic infor-
mation, concomitant medications, anthropometrics, resting
blood pressure, and history of hyperlipidemia, diabetes mellitus,
hypertension, and smoking were ascertained, in addition to car-
diac history.

MR Imaging

MR imaging was performed on a 3T system (Discovery MR750;
GE Healthcare, Milwaukee, Wisconsin) by using a radiofrequency
body coil for transmission and an 8-channel phased array
radiofrequency head coil for signal detection. High-resolution
T1-w images were collected by using 3D spoiled gradient-recalled
echo (TR/TE/TI = 8.1/3.2/650 ms, flip angle = 8°, acquisition
matrix = 256 X 192 X 186, nominal spatial resolution = 0.9 X
0.9 X 1 mm). Standard T2-weighted FLAIR images were acquired
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to characterize white matter hyperintensities (2D axial images,
TR/TE/TI = 9700/140/2200 ms, voxel dimensions = 0.9 X 0.9 X
3 mm, sections = 48). A semiautomated procedure was used to
quantify the volume of white matter lesion burden (milliliter).>®
Pseudocontinuous ASL was performed with a label duration of
1.5 seconds, and the labeling plane was prescribed above the ca-
rotid bifurcation, aided by time-of-flight angiography images.
Axial single-shot EPI was used to collect 25 sequential control and
tag images. Seventeen slices were collected with a gap of 1.4 mm,
section thickness of 4.2 mm, and nominal voxel dimensions of
3.4 X 3.4 X 5.6 mm’. The acquisition was repeated at 6 different
postlabel delays (ie, 100, 500, 900, 1300, 1700, and 2100 ms) to
produce an ASL kinetic time-series (On-line Figure), as reported
previously.”” In keeping with the recommended guidelines for
clinical ASL, we did not use bipolar gradients to suppress large-
artery flow signal.”® Instead macrovascular signals were isolated,
when appropriate, in the ASL model (see below).

Postprocessing

ASL images were processed by using the fMRI of the Brain Soft-
ware Library tools (FSL; http://www.fmrib.ox.ac.uk/fsl). Postpro-
cessing of ASL data included perfusion-weighted difference im-
ages, motion correction, and spatial smoothing by a Gaussian
kernel of 5-mm full width at half maximum. Hemodynamic pa-
rameter estimates were generated by using the Bayesian Inference
for Arterial Spin Labeling tool of FSL. ATT images were coregis-
tered to the T1-w images by using transformation matrices estab-
lished by CBF images, because both T1-wand CBF images contain
good gray-to-white differentiation for registration purposes.
T1-w images was subsequently aligned to a standard space tem-
plate with 12 degrees of freedom.

ATT (seconds) was the primary cerebral gray matter hemody-
namic outcome measure of interest in this study. ATT was esti-
mated on the basis of the standard ASL model®® and by using a
fixed-label duration of 1.5 seconds. A 1-compartment model (tis-
sue only) and a 2-compartment model (tissue and macrovascular
compartments) were considered. The former produces ATT and
CBF estimates, while the latter produces ATT, CBF, large artery
transit time (LATT, seconds), and arterial blood volume esti-
mates.'? Most important, the 2-compartment model takes effect
only in cases in which the voxel signal is deemed to be mixed
between tissue and macrovascular compartments. This procedure
is performed by using an automatic relevancy determination,
whereby LATT and arterial blood volume macrovascular esti-
mates are generated in addition to ATT and CBF."> The macro-
vascular estimates typically occur in voxels near large intracranial
arteries, like the circle of Willis (LATT and arterial blood volume
maps are shown in Fig 1). CBF and LATT data were included in
secondary analyses.

Neuropsychological Testing

Cognitive assessments were chosen on the basis of the recommen-
dations of the National Institute of Neurological Disorders and
Stroke and Canadian Stroke Network harmonized standards.”®
The Trail-Making Test B (connecting a sequence of alternating
letters and numbers) and the Victoria version of the Stroop inter-
ference task (color-word) were chosen for their sensitivity to ex-



FIG 1. The top row of images shows cerebral blood flow (intensity-normalized units), arterial transit time, large-artery transit time, and arterial
blood volume (arbitrary units) from a representative participant. In the ATT image, the posterior circulation tends to have a longer ATT
compared with the middle cerebral artery vascular territory. LATT and arterial blood volume are macrovascular measures that are estimated
from voxels containing large-artery/intravascular ASL signal. The bottom row shows 4 lobe-based regions of interest chosen for ATT (and CBF)
analysis, while a middle cerebral artery/insula region of interest was chosen the LATT analysis.

ecutive function (eg, set shifting and overcoming interference be-
tween conflicting visual and lexical cognitive sets). These are
timed tasks, with greater time to completion indicating poorer
performance. The digit symbol-coding task from the Wechsler
Adult Intelligence Scale, 3rd Edition, was chosen as a highly sen-
sitive measure of complex attention and psychomotor processing
speed. Digit symbol-coding performance is summarized by the
number of symbols matched to digits based on a provided key
within 2 minutes. Memory was assessed by the California Verbal
Learning Test (CVLT) word list after a 20-minute delay (long-
delay free recall [LDFR]). For the latter 2 tasks, greater scores
indicate better performance. All cognitive testing was performed
at 9:30 AM (30 minutes) after an 8-hour fast.

Statistics

Analyses of the 2-compartment ATT data were performed in stan-
dard space at 3-mm isotropic voxel dimensions (Montreal Neu-
rological Institute standard atlas). ATT estimates from the 1-com-
partment model were also analyzed to assess the effect of the ASL
model on the results. ATT was characterized by using the 4 bilat-
eral lobes of the standard atlas brain (3-mm isotropic) as gray
matter ROIs (frontal, occipital, parietal, temporal; Fig 1) and by
using voxelwise approaches. LATT was analyzed from a single
region of interest in the bilateral insula.'> Two separate models

were constructed to explain between-subject variance in ATT,
CBF, and LATT data: 1) a vascular risk factor model, and 2) a
cognitive model. The vascular risk model consisted of the follow-
ing variables: age, BMI, percentage body fat, SBP, and pulse pres-
sure (ie, the difference between systolic and diastolic pressures).
The cognitive model consisted of age and raw scores on the
CVLT-LDER, digit symbol-coding test, Stroop, and Trail-Making
Test B. Principal component analysis was performed in R statis-
tical computing software (http://www.r-project.org/) to extract
uncorrelated vascular risk and cognitive predictors of ATT. Prin-
cipal components (PCs) were considered in the model if individ-
ually they accounted for at least 10% of the total variance and
collectively, >80% of the total explained variance.

General linear models were conducted by using R for the re-
gion-of-interest analyses and FSL for voxelwise group analyses.
Explanatory variables in the general linear models were the de-
meaned vascular risk or cognitive PCs, and the 2 predictors were
treated separately. For the region-of-interest analyses, a Bonfer-
roni correction was performed to compute adjusted P values. For
the voxelwise analyses, statistical maps were calculated by using
permutation testing (ie, the FSL Randomise tool).*" Five thou-
sand permutations were performed followed by threshold-free

cluster enhancement™ to correct for multiple comparisons.

AJNR Am J Neuroradiol 36:295-301  Feb 2015  www.ajnr.org 297



Significant voxels were reported at a corrected P value of .05
(pcorrected = 05)

RESULTS

Patient Characteristics

Patient demographics and characteristics are reported in Table 1.
Evidence of severe symptomatic CAD was demonstrated by his-
tories of myocardial infarction (41.4%), coronary artery bypass
graft surgery (48.3%), and percutaneous coronary intervention
(44.8%). All patients had a history of hyperlipidemia. Histories
of diabetes mellitus (13.8%), hypertension (41.4%), and
smoking (55.2%) were also common. All patients were using
acetylsalicylic acid. The most common concomitant medica-
tions included cholesterol-lowering medication (96.6%),

Table 1: Patient demographics (N = 29)

Demographic Mean (SD) Minimum Maximum
Age (yr) 65(7) 55 78

BMI (kg/m?) 282(3.9) 205 353
Body fat (%) 26.0 (5.9) 133 387
SBP (mm Hg) 124 (15.4) 94.0 152.0
PP (mm Hg) 51(13.0) 24.0 80.0

Note:—PP indicates pulse pressure.

Table 2: Vascular risk and cognitive model details
Correlation Coefficient (r)

Component 1 Component 2 Component 3

Vascular model

Age (yr) —0.65 0.32 0.69
BMI (kg/m?) 023 0.91 —0.06
Body fat (%) 0.24 091 —0.10
SBP (mm Hg) —0.90 018 -032
PP (mm Hg) —0.94 0.06 —0.21
Percentage of variance (%)
Explained variance 0.45 0.36 0.13
Cumulative variance 0.45 0.81 0.94
Cognitive model
Age (yr) 0.48 0.76 —0.39
CVLT-LDFR —0.73 —0.37 —0.50
Digit symbol-coding —0.70 0.53 0.30
Stroop 0.85 —0.06 —0.16
TMT B 0.82 —0.26 0.21
Percentage of variance (%)
Explained variance 0.53 0.21 0.1

Note:—TMT indicates Trail-Making Test; PP, pulse pressure.

FIG2. Voxelwise results from the regression analyses in which the vascular model (“pressor” and
“obesity” factor) was used as an independent factor that influences ATT. The obesity factor
produced a negative association with ATT, in the sense that the higher the BMI and/or body fat,
the shorter the ATT. Significant voxels in red and yellow are corrected for multiple comparison

(pcorrected =.0 5)

298 Macintosh  Feb 2015 www.ajnr.org

B-blockers (69.0%), antihypertensive agents (55.2%), and
antidiabetic agents (13.8%). FLAIR white matter hyperinten-
sities amounted to a median lesion burden of 2.63 mL (inter-
quartile range = 1.54—6.76 mL).

Vascular Risk Factors versus Regional Hemodynamics

The first 3 PCs explained >80% of the vascular risk data and
were subsequently used in this model. PC1, PC2, and PC3
explained 45%, 36%, and 13% of the variance, respectively
(Table 2). PC1 was viewed as a “pressor” variable because SBP
and pulse pressure contributed to this component with a cor-
relation coefficient of r < —0.9. PC2 was viewed as an “obe-
sity” variable because BMI and body fat contributed to this
component with 7 > 0.9. PC3 was influenced by age to a lesser
extent (r = 0.69).

Thelobe region-of-interest analyses revealed that PC2 was sig-
nificantly associated with ATT, while PC1 and PC3 were not. The
obesity component (PC2) was inversely related to ATT—that is,
higher body fat was associated with shorter ATT in the occipital
lobe (t = —3.2, P = .004, Bonferroni-corrected P = .015), but
none of the other lobes were significant (Bonferroni-corrected
P> .10). Voxelwise ATT analysis revealed significant findings for
the obesity component in the posterior cingulate, precuneus, lat-
eral occipital cortices, right middle temporal gyrus, and the left
frontal pole (P oprectea < -05, Fig 2 and Table 3). The insula region
of interest had a LATT that was inversely associated with the pres-
sor component (ie, LATT versus PC1,t = —2.2, P = .034), but not
the obesity component, PC2, or PC3 (P > .27). The inverse asso-
ciation here suggests that higher pulse pressure and SBP were
associated with prolonged ATT. Use of the more parsimonious
ASL model (ie, with only a tissue compartment) did not influence
the voxelwise associations between the vascular risk model and
ATT.

Cognition versus Regional Hemodynamics
The first 3 cognitive PCs (cog-PCs) explained >80% of the cog-
nitive data, and they were subsequently used in the cognitive
model. Cog-PCl1, cog-PC2, and cog-PC3 explained 53%, 21%,
and 11% of the variance, respectively (Table 2). Cog-PC1 can be
viewed as an indicator of cognitive dys-
function because the CVLT-LDFR and
digit symbol-coding scores were negative
associations, while the timed Stroop and
Trail-Making Test B measures were posi-
tive associations. Each of the 4 cognitive
measures contributed significantly to PC1
(r> .82 orr<—0.70). Less relevant cog-
PCs were cog-PC2, which was influenced
by aging, and cog-PC3, which did not
contribute a meaningful cognitive effect.
Region-of-interest analyses revealed
that cog-PC1 showed negative associa-
tions with ATT, indicating that individu-
als with poorer cognitive scores had
shorter ATT, but these associations did
not survive false discovery rate correction
for multiple comparison (ie, 4 brain



lobes, adjusted P > .054). Voxelwise analysis was significant,
however, with an association between cognitive decline and
shorter ATT in the precuneus region (P, ectea < -05, Fig 3 and
Table 3). The cog-PC2 and cog-PC3 did not show any signifi-
cant associations. The insula LATT region of interest was not
significant with any of the cognitive model parameters (P >
.086). The use of the more parsimonious ASL model did not
influence the voxelwise associations between the cognitive
model and ATT.

Post Hoc Tests

Brain regions that were associated with the obesity component of
the vascular model were used as a mask, and the average ATT in
these regions was calculated for each participant. ATT in this
obesity mask was significantly correlated with cognitive function
(r* =0.21,t= —2.65,P = .013).

CBF data produced no significant voxels related to compo-
nents of vascular risk or cognition (p.osrectea > -05) by using
the same voxelwise analyses as used in the ATT data. However,
within the ATT mask circumscribed by the vascular risk model
results (PC2, Fig 2), CBF was negatively associated with obesity
(t= —2.43, P = .022), and within the ATT mask circumscribed
by the cognitive model results (PC1, Fig 3), CBF was negatively
associated with cognitive PC1 (t = —2.53, P = .018).

The widely used BMI classifications (ie, healthy, overweight,
obese)* produced results similar to those of the obesity compo-

Table 3: Summary of voxelwise findings

MNI Coordinates
No. of Voxels X Y z

Vascular model

1) Lateral occipital, R 540 —-33 —=78 30
2) Lateral occipital, L 38 39 —69 27
3) Middle temporal gyrus, R 36 54 =57 6
4) Precuneus 13 0 —60 60
5) Frontal pole, L il —36 45 18
6) Angular gyrus, L n -39 =51 42
7) Lateral occipital, L 4 —27 —63 48
Cognitive model
1) Precuneus 189 0 —66 42

Note:—MNI indicates Montreal Neurological Institute; R, right; L, left.

FIG 3. Voxelwise results from the regression analyses, in which the cognitive model was used as
an independent factor that influences ATT. The first cognitive factor (ie, characterized by poor
cognitive performance) was positively associated with ATT, in the sense that a lower cognitive
score was associated with a shorter ATT. Significant voxels in blue and cyan are corrected for

multiple comparison (P.orrected = -05)-

nent (PC2) in region-of-interest analyses, albeit with slightly re-
duced statistical significance (data not shown).

DISCUSSION

The current study demonstrates relationships among cerebral he-
modynamics, obesity, and cognition. In older men with CAD,
microvascular ATT decreased in association with obesity and
poorer cognitive function. The implicated regions included areas
of the lateral occipital, precuneus, angular gyrus, middle tempo-
ral, and frontal pole. In addition, the macrovascular LATT was
significantly associated with hypertension, but not with obesity.

ATT differences associated with obesity occurred primarily in
the parietal and occipital lobes. This result is notable for a few
reasons. First, the regions identified are consistent with the default
mode network, which is a network implicated in cognitive func-
tion in later life.>*** Second, precuneus ATT was also found to be
negatively associated with cognitive function. Third, ATT in brain
regions identified by obesity explained 21% of the variance in
cognitive function across the group.

The pressor component was defined by SBP and pulse pres-
sure; however, it did not significantly correlate with regional ATT
at a voxelwise level or in the lobe-based region-of-interest analy-
ses. This finding was unexpected, given previous findings relating
blood pressure with cerebral hemodynamics®®; however, the lit-
erature, to date, has focused primarily on large-artery hemody-
namics, such as the middle cerebral artery pulsatility index or
blood flow velocity. On the other hand, LATT provides macro-
vascular information and was significantly associated with the
pressor component in the insula region of interest. These results
suggest that vascular risk factors may have differential effects on
cerebral hemodynamics, which appear to be region-specific.

While the ATT results were significant at a voxelwise level after
a conservative correction for multiple comparisons, CBF analyses
were not significant in stringent voxelwise analyses. However,
post hoc tests suggested that CBF was decreased in proportion to
both obesity and cognitive dysfunction in regions identified by
ATT; this finding suggests complementary utility between ATT and
CBF measures. The focus of the current study was on estimating
hemodynamic ATT, which requires sampling multiple-postlabel de-

lay acquisitions at the potential expense of
the CBF estimate. Our choice of ASL pa-
rameters may therefore have contributed to
the reduced sensitivity of CBF analyses.
Ischemic diseases, such as stroke and
steno-occlusive large-artery disease, are
known to produce prolonged ATT due to
the necessity for collateral delivery of
blood to tissue or narrowing of the large
supplying arteries.'">'® In the current
study, prolonged LATT and reduced ATT
were associated with vascular risk factors.
The reduced ATT may be attributed to
altered pulsatile pressures, as reflected in

the literature,>>*¢

and may be an indica-
tion of vessel wall hardening and thicken-
ing, which are arteriosclerosis processes

consistent with higher BMI and body fat.”
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This study was designed to detect only within-group differ-
ences, lacking comparisons between patients with CAD and age-
matched controls without a history of CAD. Such normative data
would be beneficial to determine whether similar associations are
found in healthy age-related processes. The current study was
limited to men, due to their relative over-representation in car-
diac rehabilitation and the need to otherwise control for robust
differences in ATT between men and women.>> Future work
should assess the extent to which both female and male patients
with CAD show similar ATT changes in association with vascular
and cognitive variables. The absence of uncontrolled diabetic
symptoms and current smoking habits within the present cohort
prevented these risk factors from being addressed. Furthermore,
blood lipid levels were not available for all participants. These
additional measures may have helped to explain a greater propor-
tion of the variance and should be explored through future stud-
ies. Finally, principal component analysis was used to restrict the
number of independent variables, which amounted to 2 vascular
risk factors and 1 cognitive factor. This strategy proved useful in
identifying voxelwise ATT associations with obesity and cognitive
performance. Correlations with additional risk factors (eg, blood
lipid levels and smoking habits) and, in particular, a mechanistic
understanding of these relationships, including causality, should
be addressed by studies that incorporate a longitudinal design.

CONCLUSIONS

We found that men with CAD have altered cerebral hemodynam-
ics in proportion to both cardiometabolic risk factors and cogni-
tive function. ATT was used as a microvascular measure, while
LATT characterized macrovascular hemodynamics. We observed
that ATT in nodes of the default mode network was associated
with obesity and cognition, whereas LATT was associated with
hypertension. The use of these ASL-derived hemodynamic mea-
sures produced novel associations that converge with other
studies to implicate changes in the default mode network as
markers of cognitive decline.’*?” Future studies might explore
mechanisms potentially relating adiposity to cerebral hemody-
namics and cognition, such as blood lipid levels associated with
cognitive decline.”®
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BRAIN

Meta-Analysis of Diffusion Metrics for the Prediction of Tumor

ABSTRACT

Grade in Gliomas

V.Z. Miloushev, D.S. Chow, and C.G. Filippi

BACKGROUND AND PURPOSE: Diffusion tensor metrics are potential in vivo quantitative neuroimaging biomarkers for the character-
ization of brain tumor subtype. This meta-analysis analyzes the ability of mean diffusivity and fractional anisotropy to distinguish low-
grade from high-grade gliomas in the identifiable tumor core and the region of peripheral edema.

MATERIALS AND METHODS: A meta-analysis of articles with mean diffusivity and fractional anisotropy data for World Health Organi-
zation low-grade (I, 1) and high-grade (IlI, IV) gliomas, between 2000 and 2013, was performed. Pooled data were analyzed by using the odds
ratio and mean difference. Receiver operating characteristic analysis was performed for patient-level data.

RESULTS: The minimum mean diffusivity of high-grade gliomas was decreased compared with low-grade gliomas. High-grade gliomas had
decreased average mean diffusivity values compared with low-grade gliomas in the tumor core and increased average mean diffusivity
values in the peripheral region. High-grade gliomas had increased FA values compared with low-grade gliomas in the tumor core, decreased
values in the peripheral region, and a decreased fractional anisotropy difference between the tumor core and peripheral region.

CONCLUSIONS: The minimum mean diffusivity differs significantly with respect to the World Health Organization grade of gliomas.
Statistically significant effects of tumor grade on average mean diffusivity and fractional anisotropy were observed, supporting the
concept that high-grade tumors are more destructive and infiltrative than low-grade tumors. Considerable heterogeneity within the
literature may be due to systematic factors in addition to underlying lesion heterogeneity.

ABBREVIATIONS: AFA= fractional anisotropy difference; FA = fractional anisotropy; MD = mean diffusivity; minMD = minimum mean diffusivity or minimum
ADC; ROC = receiver operator characteristic; WHO = World Health Organization

D iffusion tensor imaging is an MR imaging technique that can
quantify diffusion of water in the brain and characterize the
structural integrity of white matter tracts.'~> Multiple studies have
examined the ability of basic diffusion tensor metrics such as
mean diffusivity (MD) or the apparent diffusion coefficient and
fractional anisotropy (FA) to discriminate the tumor grade of
gliomas. Disruption of normal white matter structural integrity
by primary glial neoplasms should theoretically reduce fractional
anisotropy and increase mean diffusivity.

Mean diffusivity is positively correlated with decreased tumor
cellular density and increased patient survival, and significant ef-
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fects are reported in several studies with respect to discriminating
tumor grade specifically by using minimum mean diffusivity
(minMD).*® In contradistinction, there is no definitive consen-
sus on the ability of fractional anisotropy to assess tumor grade,
cellular density, and parenchymal infiltration or to prognosticate
patient survival.”'*>! We performed a quantitative meta-analysis of
the existing literature to determine the statistical consensus of mean
diffusivity and fractional anisotropy in distinguishing tumor grade of
gliomas, separately examining the identifiable tumor core and region
of peripheral signal abnormality.

MATERIALS AND METHODS

Articles were identified via PubMed and Science Citation Index
query using the terms “diffusion” and “brain tumor.” This search
produced 1657 articles from PubMed and 2158 articles from the
Science Citation Index. Citations were imported into the End-
Note citation manager (Thomson Reuters, New York, New York),
which was used to remove duplicates, yielding 3128 citations. Ar-
ticles were then restricted to those with publication dates between
2000 and 2013 and containing the word “glioma,” which yielded



Study characteristics and technical factors®
Attribute MD FA
153*+120 134*86

Average no. of patients per tumor grade
category

Average age of patients (yr) 493+86 500*76

Prospective design 791% 69.4 %
Studies at 3T 345 % 4.7 %
Average maximum diffusion b-value 103 £454 1111+ 448
Average no. of noncollinear directions - 21+ 3]

Note:— indicates not calculated.
SDs are reported for average values.

377 articles. An additional restriction to articles containing the
phrase “fractional anisotropy” resulted in 242 articles. All studies
(377 for mean diffusivity, 242 for fractional anisotropy) were read
for relevance. Only studies that reported data for adult patients
with histologic confirmation of treatment-naive lesions were in-
cluded. We could not control for sampling error associated with
histologic sampling; with the exception of a few studies that per-
formed stereotactic biopsies, it is possible that some lesions were
inappropriately classified.** Case reports were excluded.

FA and MD values were tabulated as mean values and SDs. The
SDs and number of patients were used for weighting in the pooled
analysis. Two articles displayed data in chart rather than numeric
format; the chart images were analyzed by superimposing a finely
decimated grid, which intersected the chart axis in the Power-
Point image manager (Microsoft, Redmond, Washington) to ex-
tract numeric values.

The World Health Organization (WHO) tumor grade and the
range of histologic tumor types included were tabulated. Infor-
mation on whether each study was prospective and/or retrospec-
tive, the number of patients, and the mean patient age, if pro-
vided, were recorded. The technical specifications for the
diffusion acquisition, including main magnetic field strength,
number of noncollinear gradient directions, number of b-values,
and maximum b-value, were recorded. The MR imaging vendor
and software used for analysis were noted.

We only included studies that separated diffusion metrics in
the tumor core and tumor periphery, with the exception of 2
studies that reported the minimum mean diffusivity and included
the entire region of signal abnormality.”** Studies that reported
central necrotic regions for either tumor grade were excluded.
Some studies separated tumor core values for enhancing and non-
enhancing components, and these were recorded. Studies that
reported values for the region of signal abnormality peripheral to
the tumor core as either “edematous” or “infiltrated” were
grouped into the peripheral region category; this was equated to
the region of T2-prolongation on long-TR images, such as T2-
weighted or FLAIR images. Critically, the peripheral region was
distinguished from the “intermediary” or “boundary” region be-
tween the tumor core and the peripheral region, reported in some
studies in the neighborhood of 1-2 mm from the tumor core. Also
relevant for low-grade lesions, data from studies that only re-
ported the white matter adjacent to the region of signal abnormal-
ity were not included.*®*> Summary statistics for the studies are
provided in the Table.

Equations relating MD, equivalent to the apparent diffusion
coefficient, and FA are provided below in terms of the 3 principal
eigenvalues (A, A,, A;).>® However, 3 noncollinear diffusion gra-

dient directions suffice to calculate the mean diffusivity, without
calculation of the individual eigenvalues. Adjustments were made
if studies reported the trace instead of MD (trace = 3 MD).

M4+ A

1) MD 3

2 (A7 + (A)7 + (Ay)°

2y FA- \/3 (A, — MD)>* + (A, — MD)? + (A, — MD)

Statistical analysis was performed with R, Version 3.0.1 (http://

*” The metafor package (http://cran.r-

WWW.r-project.org).
project.org/web/packages/metafor/index.html) was used to im-
plement a random-effects model, calculate 12 as a measure of het-
erogeneity, perform meta-regression, and generate forest plots.®
Standardized mean differences of mean diffusivity and fractional
anisotropy between high-grade and low-grade gliomas were con-
verted to odds ratios to simplify interpretation.”” The mean dif-
ference was used to calculate the difference in fractional anisot-
ropy (AFA) between the tumor core and peripheral region. The
funnel plot asymmetry regression test was used to evaluate study
sample size bias.>® Approximate permutation tests for P values
used 1000 iterations.”* The pROC package (http://cran.r-project.
org/web/packages/pROC/index.html) was used to generate re-
ceiver operating characteristic (ROC) curves and calculate area
under the curve via bootstrapping (10,000 replicates) for patient-
level data.>® The binormal method was used for ROC curve
smoothing. Confidence intervals were calculated at the 95% sig-
nificance level.

RESULTS

Minimum MD

Pooled analysis of minimum mean diffusivity (minMD) with re-
spect to tumor grade was performed in 17 unique studies (772
patients) (Fig 1A). There was a significant effect of tumor grade
(WHO I and II, IIT and IV) on minMD, with the higher tumor
grade resulting in decreased minMD values (P < .001). Funnel
plot asymmetry was not significant (P = .96). Considerable het-
erogeneity was present (I> = 93%). Meta-regression models
showed no significant effects for patient age, year of publication,
MR imaging vendor, and main magnetic field strength (P > .05).
Dichotomizing into high-grade (WHO Il and IV) and low-grade
(WHO grade I'and IT) groups was significant (P < .001); the mean
minMD of low-grade gliomas was 1.19 + 0.06 mm?/s, and the
difference between the low-grade and high-grade groups was
0.37 + 0.07 mm?/s.

Patient-level data were available in 5 studies (105 patients)
(Fig 1C). ROC analysis resulted in an area under the curve of 0.84
(95% CI, 0.76—0.91). The optimal threshold to distinguish low-
grade and high-grade gliomas was minMD = 0.98 mm?/s, iden-
tified via the Youden Index. This threshold resulted in a specificity
0f 78.3% (95% CI, 66.7%—88.3%) and a sensitivity of 77.8% (95%
CI, 64.4%—88.9%).

Average MD

Pooled analysis of average values of MD was also performed for
determination of tumor grade in the tumor core (26 studies, 996
patients) and the peripheral region of signal abnormality (10
studies, 207 patients) (Fig 24, -B). The analysis was restricted to
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FIG1. Effects of tumor grade on minimum mean diffusivity and A fractional anisotropy. Moderator analysis was performed (A and B) with
respect to tumor grade. In forest plots (A and B), the left column indexes each study by lead author and publication year, with the WHO
tumor grade of the lesions in parentheses. WHO grade category means are shown by diamonds, with relative width corresponding to the
standard error. The right column provides numeric mean values, with confidence intervals in brackets for each study. Pooled random-
effects values are provided at the bottom of each plot. A, The forest plot of minMD and effect of WHO tumor grade are shown. Open
diamonds indicate WHO II; light-gray diamonds with gray borders, WHO Ill; dark gray diamonds with black borders, WHO IV. B, The
forest plot of AFA is shown. Open diamonds indicate WHO |, II; light gray diamonds with gray borders, WHO IlI, IV. C, An ROC plot of
patient-level data for minMD is shown. Gray step curve indicates actual data; black curve, binormal smoothed curve; dashed gray line,
50:50 line.
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FIG 2. Forest plots of mean diffusivity and fractional anisotropy in the tumor core and peripheral region of signal abnormality, comparing
differences between low-grade and high-grade categories (moderator analysis was not performed). The standardized mean difference between
high-grade and low-grade lesions was converted to odds ratios as a measure of effect size. Mean diffusivity in the tumor core (A) and peripheral
region (B) with fractional anisotropy in the tumor core (C) and peripheral region (D) are shown. For each forest plot, the left column indexes each
study by lead author and publication year. The right column provides odds ratios, with confidence intervals in brackets for each study. Pooled

random-effect odds ratios are provided at the bottom of each plot.

studies that provided data for both low-grade and high-grade
gliomas, to provide internal controls. The odds ratio for high-
grade versus low-grade lesions was 0.3 (95% CI, 0.14—0.63; per-
mutation P value < .001) in the tumor core and 4.32 (95% CI,
1.25-15.0; permutation P value =.044) in the peripheral region;
raw mean differences between high-grade and low-grade were,
however, small (—0.16 and 0.14, respectively). Considerable sig-
nificant heterogeneity was present for the tumor core, I* = 87.2%
(95% CI, 80.3%—-94.9%), less significantly in the peripheral re-
gion, I? = 76.8% (95% CI, 48.3%—94.6%).

AFA

Pooled analysis of the difference in fractional anisotropy (AFA)
between the peripheral region of signal abnormality and the tu-
mor core was performed in 20 unique studies (391 patients) (Fig
1B). High-grade gliomas had a significantly decreased AFA com-
pared with low-grade gliomas (P =.007). The raw difference esti-
mate between the 2 groups was 0.08 = 0.03 (estimated AFA of
low-grade gliomas = 0.12 % 0.03). The permutation P value re-
mained significant (P = .02), and the funnel plot asymmetry was

not significant (P = .6). Considerable heterogeneity was present,
I = 91% (95% CI, 84.3%-95.1%). A meta-regression model in-
corporating MR imaging vendor type (GE Healthcare, Siemens,
Philips Healthcare, Toshiba) was not significant (P =.078); mod-
els incorporating patient age, year of publication, number of non-
collinear DTI directions, and main magnetic field strength were
also not significant.

Average FA

Pooled analysis of average values of FA was performed for deter-
mination of tumor grade in the tumor core (21 studies, 734 pa-
tients) and the peripheral region of signal abnormality (7 studies,
180 patients) (Fig 2C, -D). The analysis was restricted to studies
that provided data for both low-grade and high-grade gliomas, to
provide internal controls. The odds ratio for high-grade versus
low-grade lesions was 2.24 (95% CI, 1.23—4.08, permutation P
value = .006) in the tumor core and 0.45 (95% CI, 0.26—0.81,
permutation P value = .032) in the peripheral region; raw mean
differences between high-grade and low-grade were, however,
small (0.02 and —0.02, respectively). Modest heterogeneity was
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present for the tumor core, I? = 74.9% (95% CI, 56.2%—88.2%),
without significant heterogeneity in the peripheral region, I* =
0% (95% CI, 0%~ 82.8%).

DISCUSSION

We performed a meta-analysis to explore the validity and consen-
sus in the utility of mean diffusivity and fractional anisotropy for
distinguishing tumor grade in gliomas. Pooled analysis was re-
stricted to studies that internally compared low-grade and high-
grade lesions, thus providing internal controls. Significant effects
were observed, adding support to generalizations regarding tu-
mor biology, though the raw effect sizes were small and significant
heterogeneity was present in some of the cohorts of studies. In the
identifiable tumor core, high-grade gliomas had decreased MD
and increased FA values compared with low-grade gliomas. In the
peripheral region of signal abnormality, high-grade gliomas had
increased MD and decreased FA values. These observations sug-
gest that high-grade gliomas have a more destructive effect on
white matter tracts than low-grade gliomas in the peripheral re-
gion. In the tumor core, high-grade gliomas are expected to have
increased extracellular-space volume and increased microvascu-
lar proliferation and are not expected to preserve white mater
architecture, to account for the relatively greater fractional anisot-
ropy.”>?* Theoretically, this effect may be a consequence of initial
growth along the scaffold of white matter tracts. Alternatively,
high-grade gliomas may have a less defined transition between the
tumor core and periphery than is suggested by structural imaging.

We further analyzed the FA difference between the tumor core
and peripheral region to provide additional insight into tumor
biology. High-grade gliomas have a AFA that is approximately
0.08 = 0.03 smaller than that in low-grade gliomas. The result
may suggest that high-grade gliomas are more infiltrative than
low-grade gliomas, as expected from mathematic modeling.>
The results parallel those of Ferda et al,’®> who observed that grade
II gliomas have a sharper transition than grade III gliomas among
the tumor core, intermediary region, and the peripheral region.
We note, however, that their results also showed a sharp transi-
tion, presumably due to mass effect in grade IV gliomas, an ob-
servation that was not adequately testable in our meta-analysis.

The minMD was observed to be a significant diffusion imaging
metric for distinguishing tumor grade in gliomas. While the min-
imum mean diffusivity is inherently subject to statistical noise and
partial volume effects, it does not necessarily rely on precise lesion
segmentation, thus eliminating a source of heterogeneity between
studies. The ROC analysis of patient-level data suggested an opti-
mal cutoff in minMD of 0.98 mm?/s; minMD lower than this
value favors a high-grade glioma. This suggested cutoff is within
the range of previously published values.*”® However, the lower
bounds of the 95% CI for both sensitivity and specificity from our
ROC analysis are approximately 65%, which limits clinical confi-
dence in using this metric alone.

Several limitations of our study are inherent in its methods.
First, more significant differences may not have been observed
simply because mean diffusivity and fractional anisotropy are in-
sufficient to discriminate tumor grade. Unfortunately, promising
metrics such as diffusional kurtosis, p:q diffusion tensor decom-

306 Miloushev ~ Feb 2015 www.ajnr.org

position, and maximum SD of FA were provided in too few stud-
ies to be accessible by meta-analysis.'>***”

Considerable heterogeneity was observed in the cohort of
studies for some of the metrics we tested. One source of hetero-
geneity was sampling error in pathologic specimens used for his-
tologic grading. This error is expected to increase heterogeneity in
the dataset because high-grade lesions may be mistakenly classi-
fied as low-grade lesions; unfortunately because most studies did
not perform multiple biopsies, it is not possible to control for this
source of heterogeneity. Variations in measurement precision are
unavoidable, though in individual patients, measurements of the
fractional anisotropy and mean diffusivity showed good repro-
ducibility in at least 1 study.”® However, measurement accuracy is
difficult to account for among all studies. Nevertheless, technical
factors such as the main magnetic field strength, MR imaging
vendor, number of noncollinear diffusion gradient directions (in
the case of FA), and number of b-values used were not found to
significantly account for the heterogeneity among studies.

Nonquantitative aspects specifically related to segmentation
of brain tumor components on imaging could not be adequately
accounted for in our study. Discrimination of tumor components
primarily relies on the expert opinion of neuroradiologists. Spe-
cific challenges arise for lesions lacking well-defined tumor core
and peripheral region boundaries. Increased interest in semiau-
tomated computer segmentation in the analysis of brain tumors,
coupled with validation, may circumvent some subjectivity in de-
lineating the image-definable components of glial tumors.?® Stan-
dardization of segmentation techniques is expected to improve
the utility of quantitative measurements.

Furthermore, in most studies, a range of values was observed
among patients. Sources of this variation include different tumor
locations and underlying patient-specific background tissue dif-
ferences. However, there is likely additional heterogeneity within
the low-grade and high-grade glioma groups. Within glioblas-
toma, 4 separate subtypes can be distinguished by molecular pro-
filing, and these subtypes differ in the degree of infiltration.****
For example, O6-methylguanine DNA methyltransferase promoter
methylation has a significant effect on diffusion tensor metrics.*>**
WHO grade and single histologic designations are likely inadequate
as sole descriptors of the biologic behavior of tumors.

CONCLUSIONS

Minimum mean diffusivity is an easily calculated diffusion tensor
metric that differs significantly with respect to WHO tumor
grade, though specific clinical recommendations cannot be made
on the basis of this analysis. In the tumor core, high-grade gliomas
have decreased MD and increased FA, while in the peripheral
region high-grade gliomas have increased MD and decreased FA.
However, considerable heterogeneity exists in the published liter-
ature, which is likely due to both systematic factors and the un-
derlying biologic heterogeneity of gliomas. Standardization in
terminology and segmentation of the regions of signal abnormal-
ity identifiable on imaging and standardization of DTT method-
ology are needed. However, to approach the underlying biologic
heterogeneity of gliomas, future investigations may need to exam-
ine the correlation of diffusion tensor biomarkers with tumor
genomic or expression profiles. Thus, diffusion tensor metrics can



be tested as quantitative biomarkers for tumor subtype and can be

potentially used to report subpopulations within a given tumor

subtype.
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Ultra-High-Field MR Imaging in Polymicrogyria and Epilepsy

A. De Ciantis, AJ. Barkovich, M. Cosottini, C. Barba, D. Montanaro, M. Costagli, M. Tosetti, L. Biagi, W.B. Dobyns, and R. Guerrini

ABSTRACT

o~ =@

BACKGROUND AND PURPOSE: Polymicrogyria is a malformation of cortical development that is often identified in children with
epilepsy or delayed development. We investigated in vivo the potential of 7T imaging in characterizing polymicrogyria to determine
whether additional features could be identified.

MATERIALS AND METHODS: Ten adult patients with polymicrogyria previously diagnosed by using 3T MR imaging underwent additional
imaging at 7T. We assessed polymicrogyria according to topographic pattern, extent, symmetry, and morphology. Additional imaging
sequences at 7T included 3D T2* susceptibility-weighted angiography and 2D tissue border enhancement FSE inversion recovery. Minimum
intensity projections were used to assess the potential of the susceptibility-weighted angiography sequence for depiction of cerebral
veins.

RESULTS: At 7T, we observed perisylvian polymicrogyria that was bilateral in 6 patients, unilateral in 3, and diffuse in 1. Four of the 6
bilateral abnormalities had been considered unilateral at 3T. While 3T imaging revealed 2 morphologic categories (coarse, delicate), 7T
susceptibility-weighted angiography images disclosed a uniform ribbonlike pattern. Susceptibility-weighted angiography revealed numer-
ous dilated superficial veins in all polymicrogyric areas. Tissue border enhancement imaging depicted a hypointense line corresponding to
the gray-white interface, providing a high definition of the borders and, thereby, improving detection of the polymicrogyric cortex.

CONCLUSIONS: 7T imaging reveals more anatomic details of polymicrogyria compared with 3T conventional sequences, with potential
implications for diagnosis, genetic studies, and surgical treatment of associated epilepsy. Abnormalities of cortical veins may suggest arole
for vascular dysgenesis in pathogenesis.

ABBREVIATIONS: FSPGR = fast-spoiled gradient echo; GRE = gradient-recalled echo; IR = inversion recovery; SWAN = susceptibility-weighted angiography;

TBE = tissue border enhancement

Polymicrogyria is a malformation of the cerebral cortex sec-
ondary to abnormal migration and postmigrational develop-
ment." It is characterized by an excessive number of abnormally
small gyri separated by shallow sulci, associated with fusion of the
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overlying molecular layer (layer 1) of the cerebral cortex.” This
combination of features produces a characteristic appearance of
irregularity at both the cortical surface and cortical-white matter
junction.®* Its pathogenesis is still poorly understood, and its
histopathology, clinical features, topographic distribution, and
imaging appearance are heterogeneous. Deficiencies in the under-
standing of this malformation result from both causal heteroge-
neity (causative factors include destructive events such as congen-

ital infections,® in utero ischemia,” metabolic disorders, and
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several gene mutations and copy number variations"*?) and the
limited number of postmortem examinations available.

The topographic distribution of polymicrogyria may be focal,
multifocal, or diffuse; unilateral or bilateral; and symmetric or
asymmetric.'®'” Polymicrogyria can occur as an isolated disorder
or can be associated with other brain abnormalities such as corpus
callosum dysgenesis, cerebellar hypoplasia, schizencephaly, and
periventricular and subcortical heterotopia.'®'”

Clinical manifestations of patients with polymicrogyria have a
large spectrum, ranging from isolated selective impairment of
cognitive function'® to severe encephalopathy and intractable ep-
ilepsy.'® The severity of neurologic manifestations and the age at
presentation are, in part, influenced by the extent and location of
the cortical malformation but may also depend on its specific
etiology.

Neuroimaging has a primary role in the diagnosis and clas-
sification of polymicrogyria due to its noninvasive nature. Im-
aging findings are variable and are primarily determined by the
morphology of the malformed cortex itself but also by the
maturity of myelination and imaging-related technical factors
(section thickness, gray-white matter contrast).”® In addition,
polymicrogyria-like patterns can be seen in certain malforma-

21

tions, such as tubulinopathies®’ and cobblestone malforma-

tions**>*; these have different histologic appearances but sim-
ilar MR imaging appearances to polymicrogyria, which can
lead to false diagnoses.

On the basis of morphologic characteristics, Barkovich>>° de-
scribed the variable appearance of polymicrogyria on MR imaging
and suggested that the gyral-sulcal dysmorphisms may be roughly
divided into 3 main categories: coarse with a thick, bumpy cortex
and irregular surface on both the pial and gray-white junction
sides; delicate with multiple small, fine gyri of thin cortex that
remains thin even after myelination; and sawtooth, composed of
thin microgyri separated by deep sulci (primarily seen in diffuse
polymicrogyria and before myelination develops). However, nu-
merous gradations of morphology exist within these groups. To
date, neither functional nor etiologic associations have been in-
ferred on the basis of this imaging categorization of a polymicro-
gyric cortex.

Over the past several years, ultra-high-field 7T MR imaging
has been available for in vivo human brain imaging. In vivo 7T
MR imaging can provide greater tissue-type identification than
that obtained in vitro without stains.> As a result of an increased
signal-to-noise ratio, enhanced image contrast, and improved
resolution, MR imaging at 7T can visualize small anatomic struc-
tures not previously appreciated at lower fields.>>*® Because 7T
MR imaging has already provided diagnostic benefits in different
pathologies®® such as multiple sclerosis,® cerebrovascular dis-

%31 aneurysms,”® cavernous mal-

eases (strokes, microbleeds),
formations,>> brain tumors,>* and degenerative brain diseases
like dementia and Parkinson disease,>>>° we tested the added
value of 7T MR imaging in providing details of structural
changes and their extent in 10 patients with polymicrogyria
with respect to conventional 3T imaging. We also addressed
the limitations we encountered while exploring the polymicro-

gyric brain with 7T.
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MATERIALS AND METHODS

Ethics Statement

Written informed consent was obtained from all patients and is
recorded on file. The experimental protocol named “Evaluation
of dysplastic cortical lesions and dysembryoplastic tumors by us-
ing ultra-high field MR imaging target imaging” Project 133/11
was funded by the Pisa Foundation and approved by the local
competent ethics committee and the Italian Ministry of Health.
The procedures followed were in accordance with institutional
guidelines and included an adverse event form.

Subjects
Between June 2013 and October 2013, we enrolled, from our cor-

tical malformation data base, 10 adult patients (4 men and 6
women) with polymicrogyria previously imaged at 3T. Exclusion
criteria were age younger than 18 years and any contraindications
to MR imaging. Polymicrogyria, as assessed by previous 3T MR
imaging, had been classified as bilateral perisylvian in 2 patients,
unilateral perisylvian in 7 patients, and diffuse in 1 patient. The
mean age was 30.1 years (range, 21-53 years). Clinical details are
described in On-line Table 1.

Data Acquisition

All 10 patients were imaged at both 3T (Excite HDx; GE Health-
care, Milwaukee, Wisconsin, equipped with a GE 8-channel head
coil) and 7T (Discovery MR 950 scanner; GE Healthcare,
equipped with a 2-channel transmit/32-channel-receive head
coil, Nova Medical, Wilmington, Massachusetts). All participants
received earplugs and a pair of pads covering the ears to limit
acoustic noise.

The 3T MR imaging standard protocol included the following
sequences: 3D T1-weighted fast-spoiled gradient echo (FSPGR),
2D T2 FLAIR, 2D T2-weighted FSE, and 2D white matter—sup-
pressed FSE inversion recovery (IR). The 7T MR imaging proto-
colincluded the following sequences: 3D T1-weighted FSPGR, 3D
susceptibility-weighted angiography (SWAN), 2D T2*-weighted
targeted dual-echo gradient-recalled echo (GRE), 2D T2-
weighted FSE, and 2D gray-white matter tissue border enhance-
ment (TBE) FSE-IR. TBE is an IR sequence that uses an appropri-
ate TT to produce images in which the interface between 2
neighboring tissues of interest is hypointense; therefore, tissue
borders are clearly represented by dark lines. This effect is
achieved by setting imaging parameters so that the neighboring
tissues have magnetization with equal magnitude but out of
phase; therefore, the voxels containing a mixture of each tissue (ie,
the tissue interface) possess minimal net signal.>” Therefore, the
hypointense line-marking tissue interface produced by TBE does
not reflect any specific fiber structure. Details of imaging param-
eters for 3T and 7T imaging are shown in On-line Table 2.

To limit specific absorption rate-related problems, image dis-
tortions and stronger susceptibility phenomena related to ultra-
high-field, whole-brain 7T imaging included only SWAN and
FSPGR sequences, with the remaining sequences targeting spe-
cific regions of interest by using small FOVs and a limited number
of sections. To select the areas of interest for targeted imaging, we
were guided by initial 7T whole-brain sequences.



FIG 1. Patient 8. 3T axial (A) and sagittal (B—E) 3D FSPGR, 7T 3D SWAN (F), and magnified images (G,
G-I, H), 7T axial 2D TBE FSE-IR (/) and magnified images (L and M). A, Mild cortical thickening in the
right frontal operculum. Contiguous sagittal sections across the frontal operculum and the Sylvian
fissure on the right (B and D) and left (C and E) sides provide a better comparative view of the
morphologic characteristics of malformed-versus-normal cortex. B, An abnormal right Sylvian fissure
(arrow), which is vertically oriented, shortened, and bordered by thick and irregular cortex. D, Thick-
ening of the cortex in the inferior frontal gyrus and superior temporal gyrus (arrows). F, Two contig-
uous expanded views, from caudal (G) to rostral (G+1), provide ultra-high-resolution details of the
right frontal operculum, which are not visible at 3T (A—E), substantiating the presence of a polymi-
crogyric cortex. H, A magnification of the homologous contralateral region clearly enhances the
appreciation of the difference in folding of the polymicrogyric and normal cortex. I, Magnifications
(L and M) show a hypointense line representing the gray-white matter interface and provide a high
definition of the polymicrogyric (L, arrows) and normal (M) cortex, making it easier to appreciate
irregularities in thickness and folding of the polymicrogyric cortex.

Data Analysis

graphic pattern of polymicrogyria, 2) ex-
tent, 3) symmetry (if bilateral), 4) range of
gyral-sulcal dysmorphisms, and 5) associ-
ated abnormalities. We classified the top-
ographic pattern according to the differ-
ent patterns described in the literature:
focal, bilateral frontal, bilateral perisyl-
vian (which varies in the extent of in-
volvement), bilateral parieto-occipital,
and diffuse polymicrogyria.

The 3T and 7T images were assessed
digitally with a workstation (Advantage
4.1; GE Healthcare). 3D images were re-
formatted in orthogonal planes to better
evaluate the cortical thickening and to
rule out partial volume artifacts.

The postprocessing of SWAN images
was performed by using the minimum in-
tensity projection algorithm and multi-
planar reformation techniques. The min-
imum intensity projection algorithm has
the characteristic of enhancing the visual-
ization of veins while attenuating the sig-
nal from the brain tissue. Conversely, tis-
sue border enhancement images do not
require additional postprocessing.

RESULTS

All imaging sessions were well-tolerated
by the patients, and no adverse events oc-
curred. Brain MR imaging findings and
clinical details of all patients are summa-
rized in On-line Table 1.

At 3T, we observed perisylvian polymi-
crogyria that was unilateral in 7 patients and
bilateral in 2. Of the 7 patients with unilat-
eral polymicrogyria, 6 had multilobar in-
volvement, and in 1, only a portion of the
Sylvian fissure was involved (Fig 1). One pa-
tient had diffuse polymicrogyria.

A range of gyral-sulcal dysmorphisms
emerged at 3T (Fig 2A and On-line Fig 14),
all falling into the categorization formulated
by Barkovich,> with 6 of 10 patients having
dysmorphisms with a coarse appearance
and the remaining 4 having a coarse to-
gether with a delicate appearance.

The thickness of the polymicrogyric
cortex, measured with FSPGR imaging,
ranged from 3.7 to 12 mm (the thickness

All 7T images were independently assessed by 3 reviewers and
later as a group to reach a consensus for eligibility. 3T and 7T
images were assessed separately in each patient. Polymicrogyria
was diagnosed with satisfaction of the combination of these char-
acteristics: 1) the cortex had an irregular outer surface with an
abnormal gyral pattern, 2) the cortex appeared thickened or over-
folded, and 3) the cortical-white matter junction was irregular.”®

We reviewed all images for the following findings: 1) topo-

of the normal cortex at 3T ranged from 1.6 to 4 mm), with great
variability even between adjacent cortical regions.

In 3 patients, polymicrogyria was an isolated abnormality,
while in the remaining 7 patients, we detected additional subcor-
tical abnormalities: unilaterally (n = 1) or bilaterally (n = 4)
dilated ventricles, unilateral (n = 2) or bilateral (n = 2) hip-
pocampal abnormalities, absence of the septum pellucidum (n =
2), cavum vergae (n = 1), unilateral periventricular nodular het-
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erotopia (n = 2), and unilateral open-lip schizencephaly (n = 1).
White matter volume reduction was apparent under the polymi-
crogyric cortex in all patients. One patient exhibited left intraor-

FIG 2. Patients 1 (A and B) and 9 (C and D). Comparison of 3T axial 3D
FSPGR (A) and 7T axial 3D SWAN (B) images. Contiguous 7T axial 3D
SWAN acquisitions show anatomic details of the polymicrogyric cortex
(Cand D). A, Delicate appearance of the polymicrogyric cortex in the left
pre- and postcentral sulci, characterized by multiple small and delicate
gyriof thin cortex (arrow). B, A thin and undulated polymicrogyric cortex,
in which the spaces between microgyri are filled by thin white matter
digitations, which have a low periodicity and are loosely packed. The
gray-white matter junction is bordered by a thin hypointense line. 7T can,
therefore, resolve the individual microgyri, revealing how grossly differ-
ent morphologic characters (coarse or delicate) at 3T result, in fact, from
variations of a common underlying morphologic pattern. B, Examples of
cortical thickness measurements of normal (2.23 mm) and polymicrogyric
cortex (1.13-5.22 mm) by using the straight-line distance measure be-
tween the surface and depth of the cortex. C and D, SWAN images show
details of cortical structures and allow disentanglement of the structural
units underlying the radiologic appearance of polymicrogyria. The typical
undulated aspect is clearly detectable following the hypointense lines of
the cortical border (arrowheads), which we assume represent arcuate
white matter fibers, the white matter digitations within the gyri (arrows),
the small vessels joining the pial veins (asterisks), and the fused molecular
layer (crosses).

FIG 3. Patient 9. 7T axial 3D SWAN (A, magnified in B) and its minimum intensity projection
reconstruction (C). A, Bilateral polymicrogyria involving the left frontal operculum and Sylvian
fissure and the right Sylvian fissure and temporal lobe. B, Details of the polymicrogyric cortex in
the right temporal lobe (magnified). C, Minimum intensity projection reconstruction shows
dilated superficial veins in correspondence with the polymicrogyric areas (arrowheads); the
large vascular structures running through the polymicrogyric sulci (arrows) define the location

and the extent of the malformation.
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bital cavernous hemangiomas and a left soft-tissue hemangioma
and hypertrophy of the right Sylvian and medullary veins.

7T provided additional details to 3T findings and revealed
more extensive areas of polymicrogyria in all patients. In partic-
ular, in 3 patients (patients 4, 7, and 8) in whom 3T FSPGR im-
aging had revealed unilateral polymicrogyria, 7T SWAN imaging
confirmed a unilateral distribution but detected more extensive
involvement (Fig 1). In 3 patients with bilateral polymicrogyria at
3T (patients 1, 3, and 9), 7T SWAN revealed more extensive in-
volvement. Four patients (patients 2, 5, 6, and 10) who had been
classified as having unilateral polymicrogyria at 3T exhibited bi-
lateral involvement at 7T (On-line Fig 2). In patient 2, 3T FSPGR
showed left posterior polymicrogyria engaging the left temporo-
insuloparietal region and the medium and superior occipital gyri.
7T SWAN imaging disclosed that polymicrogyria also involved
the right posterior insula. In patient 5, in whom 3T FSPGR
showed left frontotemporoparietal polymicrogyria along the
whole Sylvian fissure, 7T SWAN revealed polymicrogyria also in
the right frontal operculum. In patients 6 and 10, the polymi-
crogyric cortex had right temporoparietal distribution at 3T
FSPGR, while 7T disclosed abnormal infolding and thickening
of the left frontal operculum. In patient 10, 7T SWAN also
showed that polymicrogyria involved the area around the
whole left Sylvian fissure, left anterior insula, and left anterior
temporal region.

The increased signal-to-noise ratio and the increased sen-
sitivity to magnetic susceptibility effects on SWAN sequences
at 7T combined with high-resolution images with enhanced
intracortical contrast provided improved polymicrogyria de-
tailing by making it possible to identify details in the entire
cortex: the lowest part of the sulcus, the intermediate zone, and
the crown of the gyrus. The different categories of gyral and
sulcal dysmorphisms seen at 3T (coarse, delicate, sawtooth)
were not identifiable as such at 7T, in that SWAN images re-
vealed a homogeneous morphologic character (Fig 2B and On-
line Fig 1B). The malformed cortex, measured by using SWAN
imaging, was 0.78- to 7-mm thick (the normal cortex was
1-2.89 mm), exhibiting an undulated profile at the gray-white
matter junction and bordered by a thin hypointense line,
which was considered to represent the arcuate white matter
fibers. Within the abnormal cortex,
small linear hypointense transcortical
lines perpendicular to the cortical lay-
ers, probably representing the larger
transcortical blood vessels, were pres-
ent. The hypointense lines of the corti-
cal border combined with those within
the cortex contributed to generating the
typical polymicrogyric appearance of
the cortical ribbon at 7T (Fig 2C, -D).

In all patients, SWAN imaging re-
vealed numerous dilated superficial veins
draining the deeper infoldings of polymi-
crogyria, which were not visible at 3T by
using conventional (FSPGR, FSE, and IR)
sequences. These large venous structures,
which have been described previously,*
appeared to be roughly proportional to



the depth/size of the cortical infolding and extent of polymicro-
gyria (Fig 3).

In all patients, TBE imaging revealed a hypointense line cor-
responding to the gray-white matter interface, providing a high
definition of the borders of the polymicrogyric cortex (On-line
Figs 3 and 4). TBE imaging substantiated SWAN findings and,
providing a precise topographic definition of the gray-white mat-
ter junction, made the examiner more confident about the extent
of polymicrogyria, especially when the border between gray and
white matter was poorly defined or the polymicrogyric cortex
merged with a seemingly normal cortex (On-line Figs 3 and 4).

The diagnostic gain obtained at 7T originated from the im-
proved image and contrast resolution of SWAN sequences and, to
a lesser degree, from 2D GRE images. GRE sequences revealed
cortical and pial veins and small vessels inside the cortex less pre-
cisely than SWAN. With GRE, cortical layering was less defined,
the arcuate white matter fibers could not be visualized, and white
matter digitations within the gyri were less conspicuous than
those observed by using SWAN or TBE. GRE defined the com-
plexity of cortical gyration better than FSPGR but worse than
SWAN and TBE. T2-weighted FSE at 7T did not provide addi-
tional information with respect to the same sequence at 3T and
had lower contrast and spatial resolution than GRE.

DISCUSSION
Accurate MR imaging depiction of polymicrogyria has important
implications for correlating clinical severity with the extent of

20,38,40

cortical abnormality, guiding genotyping of specific mal-

formation patterns,' and delineating the resection margins in pa-
tients who are candidates for epilepsy surgery.*'™**

In this series, 7T SWAN imaging provided improved struc-
tural cortical details with more accurate information on cortical
thickness, sulcal pattern, and cerebral veins. At 7T, the polymi-
crogyric cortex exhibited a highly variable thickness, ranging from
*> with

bumpy inner and outer surfaces, broad gyri, and shallow sulci.

0.78 to 7 mm, close to pathology-specimen measures,

7T SWAN imaging also allowed better qualitative assessment
of sulcal patterns compared with conventional 3T imaging. Due
to high spatial resolution and increased contrast within the cortex
of 7T SWAN imaging, the gyral-sulcal dysmorphisms of polymi-
crogyria” visible at 3T FSPGR appeared as a highly characteristic
undulated pattern of contiguous densely packed microgyri. The
polymicrogyric cortex, seen in some of the 3T FSPGR images as
thick, rough, and blurred, was merely a poorly resolved image of
more deeply undulating thin gyri, with the apparent cortical
thickening generated by lower contrast and resolution that result
from conventional sequences and field strengths. The significance
of the deeper undulations remains to be determined.

Combining 7T high spatial resolution with 3D SWAN se-
quences. we uncovered bilateral involvement in 4 patients who
had been diagnosed as exhibiting unilateral abnormalities at 3T.
In addition to the SWAN imaging, we used a custom-designed
TBE sequence, which produced a hypointense line along the gray-
white matter interface, thereby providing a high definition of the
undulating polymicrogyric borders and, together with improved
resolution on SWAN images, allowed improved differentiation
from adjacent normal cortex. TBE images substantiated the extent of

malformation observed by using SWAN imaging and revealed the
borders of polymicrogyria in those areas where the gray-white matter
junction was poorly defined or the polymicrogyric cortex merged
with the normal cortex.

In addition to producing more accurate morphologic details
of the polymicrogyric cortex, SWAN imaging at 7T detected de-
oxygenated venous blood that allowed visualization of the super-
ficial and deep cerebral veins. Although 3T SWAN can also
visualize venous abnormalities, there is no previous report em-
phasizing this finding at 3T, to our knowledge. At 7T, the polymi-
crogyric cortex was shown to harbor numerous dilated superficial
veins, whose representation seemed to be roughly proportional to
the extent and severity of the cortical malformation. The pial veins
were visible as linear hypointensities, orthogonal to and penetrat-
ing into the cortex. Following the expected course of the sulci, the
pial veins defined the complexity of cortical gyration, revealing
the contour of polymicrogyria. SWAN-minimum intensity pro-
jection images, which enhance the visualization of veins while
attenuating the signal from brain tissue, revealed large vascular
structures running through the sulci, draining from the polymi-
crogyric cortex into the pial veins. These findings reinforce previ-
ous imaging observations indicating anomalous venous drainage
in dysplastic cortical areas.”>*> On the other hand, although per-
fusion failure is a recognized cause of polymicrogyria, there is no
reported neuropathologic evidence of vascular malformations as-
sociated with it.>*¢"*

Abnormal venous drainage might develop as a response to an
event, such as cortical injury, during fetal development® and is
probably the result of a lack of condensation of cortical veins with
persistence of embryonic dural plexus tributaries.** Based on the
prominence of vascular abnormalities in polymicrogyria, one
may hypothesize that they are involved in its etiopathogenesis.
For instance, a causative role of venous abnormalities has been
suggested in patients with Sturge-Weber syndrome and polymi-
crogyria in the region underlying pial angiomatosis.”®*">*> One
hypothesis concerning the cause of Sturge-Weber is that lepto-
meningeal vascular dysplasia leads to impaired perfusion, espe-
cially in regard to microvenular drainage, which produces blood
stasis with progressive hypoperfusion and ischemia.>® Alterna-
tively, cortical dysgenesis could result from the abnormal expres-
sion of a factor playing a role in both vascular and cortical devel-
opment.”* On the basis of the observation that cryogenic lesions
in the cortex of neonatal rats can produce focal microgyria and
subsequent abnormal vascularization, it has also been suggested
that cortical venous abnormalities in polymicrogyria might be the
consequence, and not the cause, of abnormal cortical develop-
ment.>® However, it is not clear that lesion-induced polymicro-
gyria in the normally agyric rat cortex is the same malformation as
the polymicrogyria found in gyrencephalic humans.

On the basis of the frequent location of polymicrogyria in
watershed vascular territories and on evidence of laminar necrosis

in brain specimens,”**>%>°

some authors have suggested that
polymicrogyria might result from arterial ischemia during the
second trimester of gestation. Due to lack of arterial sequences in
our study, however, we could not exclude the presence of arterial
dysplasia in our patients and can only speculate on arterial dys-

genesis as a possible cause of prenatal ischemia. In addition, we
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studied adult patients with normal or nearly normal cognitive
function whose main clinical problem was epilepsy. These clinical
features might have characterized a subpopulation with a specific
subtype of polymicrogyria or a specific etiology, which is certainly
not representative of the larger population of individuals with poly-
microgyria, in which varied etiologic factors other than vascular
might be prevalent.

Polymicrogyria and polymicrogyria-like malformations have
indeed been associated with mutations of various genes, including
COLI18A1, PAX6, KIAA1279, RAB3GAP1, RAB3GAP2, TUBAIA,
TUBB2B, TUBB3, TUBAS, TUBB5, TBR2, and WDR62 and dif-
ferent copy number variations.®*"** However, paucity of neuro-
pathologic observations limits our ability to understand how
comparable morphologic changes are in these conditions. More-
over, the large majority of cases of polymicrogyria are not caused
by alterations of any known gene. 7T MR imaging will hopefully
make it possible to better evaluate and classify specific polymicro-
gyria phenotypes and, by reducing sample heterogeneity, improve
the approach to genetic studies, leading to a higher diagnostic
yield. Genetic characterization of patients with polymicrogyria
might ultimately lead to improved outcome prediction.®® Quan-
titative measurements of abnormal sulcal patterns have made it
possible to correlate morphologic abnormalities with language
impairment.®® Future 7T functional MR imaging studies are
needed to clarify the correlation between abnormal sulcal patterns
and functional impairment.

Approximately 78%—87% of patients with polymicrogyria
have epilepsy.”®®” Associated epilepsy is often intractable, but
only a limited number of patients are eligible for surgical treat-
ment and invasive recordings are necessary in most to define elo-
quent cortex and the area to be removed.*'**>** Although the final
surgical margins are determined by the use of depth electrode
recordings or by corticography in the operating theater, 7T MR
imaging may help presurgical planning for patients with polymi-
crogyria-related epilepsy by providing a clearer assessment of the
margins of the polymicrogyric cortex and revealing previously
undetected bilateral abnormalities.

Although we demonstrated some obvious advantages offered
by 7T, we also found limitations inherent its use. The protocols
and acquisition methods we used for 3T and 7T MR imaging were
different, and both relaxivity and susceptibility effects differ sig-
nificantly at these various field strengths. In addition, optimal
protocols at 7T have not yet been implemented. SWAN and TBE
sequences were not included in our standard 3T MR imaging
protocol and could not be directly compared with 7T acquisi-
tions. When imaged at conventional field strengths, patients with
polymicrogyria are not evaluated with GRE images but primarily
with FSPGR, FSE, or IR sequences. At 7T, the inhomogeneous
radiofrequency energy deposition and the increased susceptibility
effect may cause signal inhomogeneity or image distortion. To
remain within the specific absorption rate limits and reduce im-
age distortion and stronger susceptibility phenomena, we ac-
quired targeted images with small FOVs and a few sections fo-
cused on regions of interest at 7T. Therefore, we could not image
the entire brain as instead it was feasible at lower field strengths. In
particular, in order not to exceed the specific absorption rate lim-
its imposed by regulations (International Electrotechnical Com-
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mission Standards for Medical Electrical Equipment 60601-2—
33), for ESE, it was possible to acquire 10 sections within 1 single
acquisition, while for TBE, 10 sections were acquired during 2
separate series of 5 sections each.

An additional limitation of our study is that none of our pa-
tients had undergone epilepsy surgery and no pathology and post-
operative outcome were available to be correlated with 7T imag-
ing. Furthermore, our MR imaging comparison was based on
visual, qualitative analysis. Nevertheless, we found substantially
more and different information at 7T that we hope will be useful
in future analyses of patients with polymicrogyria.

CONCLUSIONS

Ultra-high-field 7T imaging allows assessment of structural brain
abnormalities that cannot be obtained from conventional MR
imaging and represents an important tool for the diagnosis and
characterization of polymicrogyria.
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Usefulness of Subtraction of 3D T2WI-DRIVE from Contrast-
Enhanced 3D TIWI: Preoperative Evaluations of the
Neurovascular Anatomy of Patients with Neurovascular
Compression Syndrome

Y. Masuda, T. Yamamoto, H. Akutsu, M. Shiigai, T. Masumoto, E. Ishikawa, M. Matsuda, and A. Matsumura

ABSTRACT

BACKGROUND AND PURPOSE: High-resolution 3D MR cisternography techniques such as 3D T2WI|—driven equilibrium radiofrequency
reset pulse (DRIVE) are used preoperatively to assess neurovascular anatomy in patients with neurovascular compression syndrome, but
contrast between vessels and cranial nerves at the point of neurovascular contact is limited. The postprocessing technique subtraction of
3D T2WI-driven equilibrium radiofrequency reset pulse from contrast-enhanced 3D TIWI (sDRICE) provides both high spatial resolution
and excellent contrast in depicting the neurovascular contact. We evaluated the usefulness of sDRICE compared with 3D T2WI-DRIVE.

MATERIALS AND METHODS: Twelve patients who underwent microvascular decompression for hemifacial spasm or trigeminal neuralgia
were examined preoperatively with 3D T2WI-DRIVE and sDRICE. Two neuroradiologists retrospectively analyzed and scored lesion
conspicuity, defined as the ease of discrimination between offending vessels and compressed nerves or the brain stem at the neurovas-
cular contact. They also quantitatively analyzed the contrast and contrast-to-noise ratio at the neurovascular contact.

RESULTS: The lesion conspicuity scores of sDRICE images were significantly higher than those of 3D T2WI-DRIVE for all 12 patients
(P = .006) and the 6 cases of hemifacial spasm (P = .023) but were not significantly higher in the 6 trigeminal neuralgia cases alone
(P = .102). For all 12 patients, the contrast-to-noise ratio between the offending vessels and the brain stem and between the vessels
and nerves on sDRICE images was significantly higher than that on 3D T2WI-DRIVE (P = .003 and P = .007, respectively). Among these
structures, the contrast values were also significantly higher on the sDRICE than on the 3D T2WI-DRIVE (P < .001) images.

CONCLUSIONS: The postprocessing technique sDRICE is useful to evaluate neurovascular anatomy and to improve contrast and the
contrast-to-noise ratio in patients with neurovascular compression syndrome.

ABBREVIATIONS: CE = contrast-enhanced; CN = cranial nerve; DRIVE = driven equilibrium radiofrequency reset pulse; HFS = hemifacial spasm; NVC =
neurovascular contact; sDRICE = subtraction of 3D T2WI-DRIVE from contrast-enhanced 3D TIWI; SI = signal intensity; TN = trigeminal neuralgia

eurovascular compression syndromes such as trigeminal
N neuralgia (TN) and hemifacial spasm (HES) are character-
ized by hyperactive cranial nerve dysfunction. The most effective
and standard treatment for this syndrome is microvascular de-
compression, which is capable of providing complete resolution
of symptoms in most cases.'™ A preoperative determination of
microvascular anatomy in terms of the exact localization and di-
rection of the compressing vessel and the anatomic relationship
between cranial nerves and vessels is of great value to neurosur-
geons. Some authors have proposed that the presence of clear-cut
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and marked vascular compression is a factor in good long-term
prognosis™®; thus, the accurate preoperative radiologic evalua-
tion of the neurovascular anatomy is crucial to achieve an excel-
lent clinical outcome. High-resolution 3D MR cisternography,
such as 3D T2-weighted imaging driven equilibrium radiofre-
quency reset pulse (3D T2WI-DRIVE),”® 3D FIESTA*' and 3D
CISS,'"'? is the method of choice to evaluate preoperative neu-
rovascular anatomy in patients with neurovascular compression
syndrome.

Although these sequences have excellent spatial resolution, the
contrast between vessels and cranial nerves at the point of neuro-
vascular contact (NVC) is limited in general; this poor contrast is
amajor drawback of these sequences for preoperative evaluations
of vascular compression syndromes.'*'> On 3D TOF-MRA®'¢"!#

13,1
LS 3,18

or 3D gadolinium-enhanced TIW. vessels are clearly de-
picted but the nerves are too poorly seen to be depicted at the
point of NVC. Fused images of 3D CTA or 3D TOF-MRA and 3D

MR cisternography have been used to evaluate the NVC to
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FIG 1. Method of image postprocessing. The first set of 3D T2WI-DRIVE source images (B) is subtracted from the second set of 3D CE TIWI (4)
on a pixel-by-pixel basis by using workstations provided by the MR imaging system manufacturer. Then a third set of subtracted source images

named sDRICE (C) is produced.

solve this problem,'®* but making these fusion images is
technically challenging and too time-consuming for daily clin-
ical practice.

We report a simple postprocessing technique that we named
subtraction of 3D T2WI-DRIVE from contrast-enhanced 3D
T1WI (sDRICE), which provides both high spatial resolution and
excellent contrast between vessels and cranial nerves. It is easy and
simple to create SDRICE images on a console without the need for
any fusion technique or special software. We evaluated the utility
of sDRICE imaging for the radiologic evaluation of patients with
neurovascular compression syndrome, and we compared its effi-
cacy with that of 3D T2WI-DRIVE, which is used in standard 3D
MR cisternography.

MATERIALS AND METHODS

Study Population

We studied 12 patients (9 women and 3 men; mean age, 53 years;
range, 30—74 years) who underwent microvascular decompres-
sion for HFS or TN (6 cases of HFS and 6 cases of TN) at our
institution between August 2009 and November 2013. All patients
were examined with MR imaging by using both 3D T2WI-DRIVE
and sDRICE before surgery. We retrospectively analyzed the pa-
tient data, including demographics, clinical history, and pre- and
postoperative imaging findings. We analyzed the outcomes of the
microvascular decompression in terms of cure and surgical com-
plications on the basis of the criteria of the Japan Society for Mi-
crovascular Decompression Surgery.>* The final clinical outcome
of microvascular decompression was evaluated 1 year after

surgery.

Image Acquisition

MR imaging was performed by using a 3T whole-body MR imag-
ing system (Achieva 3T; Philips Healthcare, Best, the Nether-
lands) with a manufacturer-provided 32-channel head coil for
reception and a body coil for transmission. The MR imaging pro-
tocol was implemented by 1 author (T.M., with 20 years of expe-
rience in MR imaging). The MR imaging technique was as fol-
lows: axial 3D T2-weighted-DRIVE: TR, 2000 ms; TE, 220 ms;
FOV, 160 X 160 mm; voxel resolution, 0.63 X 0.63 X 1.0 mm?;
sensitivity encoding for fast MR imaging factor, 2; number of
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signals averaged, 1; echo-train length, 69; flip angle, 90°; acquisi-
tion time, 3 minutes 38 seconds. For the axial, contrast-enhanced
3D-T1-weighted fast-field echo images, we used the following pa-
rameters: TR, 30 ms; TE, 4.1 ms; FOV, 160 X 160 mm; voxel size,
0.63 X 0.63 X 1.0 mm’; sensitivity encoding for fast MR imaging
factor, 2; number of signals averaged, 1; flip angle, 20°; acquisition
time, 2 minutes 54 seconds. After a single intravenous Gd-DTPA
(0.2 mmol/kg) injection was administered, a contrast-en-
hanced (CE) 3D T1-weighted sequence was run. We used 2
steps for simple and accurate subtraction after the acquisition:
First, we matched the FOV and the voxel resolution between
the 3D T2WI-DRIVE and CE 3D T1WTI for the same scanning
range. Second, to avoid misregistration, we shortened the in-
terval time between the 2 sequences by scanning CE 3D T1WI
in the train of 3D T2WI-DRIVE, and we asked the patients to
stay still.

Image Postprocessing

After the data acquisition, the image data were transferred
through alocal area network for postprocessing by using the con-
sole software of the MR imaging system. The first set of 3D T2-
weighted-DRIVE source images (Fig 1B) was subtracted from the
second set of CE 3D T1WT (Fig 1A) on a pixel-by-pixel basis by
using workstations provided by the manufacturers of the MR im-
aging system. This process produced the third set of subtracted
source images of sDRICE (Fig 1C). All of the source and sub-
tracted images were sent to the PACS of the hospital. There was no
rudimentary image registration technique before the image sub-
traction in our postprocessing program. To control the possibility
of misregistration, we checked whether the diameters of cranial
nerves (CNs) V and VII and those of the offending vessels on
sDRICE were similar on 3D T2WI-DRIVE and CE 3D T1WTI side
by side. Two-dimensional axial, coronal, and sagittal fusion im-
ages were obtained to evaluate the neurovascular relationship in
the cerebellopontine angle cistern, and if necessary, oblique im-
ages were reconstructed.

Image Evaluation and Data Analysis
We analyzed 3D T2WI-DRIVE and sDRICE both qualitatively

and quantitatively. The qualitative image analysis was performed



independently by 2 raters (T.M. and M.S. with 20 and 15 years of
experience in neuroradiology, respectively) blinded to the hy-
pothesis of the study and clinical data. The 3D T2WI-DRIVE and
sDRICE images for each patient were independently evaluated in
a random order of cases and sequences. Lesion conspicuity was
defined as the ease of discrimination between offending vessels
and compressed nerves or the brain stem at the NVC. To evaluate
thelesion conspicuity, we used the following 3-point ordinal scor-
ing system: 1, poor, not distinguishable due to no contrast; 2,
good, distinguishable by slight contrast; and 3, excellent, easily
distinguishable by clear contrast. The quantitative image analysis
was performed by 2 authors (Y.M. and H.A).

The contrast-to-noise ratios (CNRs) were calculated on the
basis of signal intensity (SI) and SD measurements in manually
drawn ROIs. The ROIs were placed in the areas of the offending
vessels and compressed parenchyma of the brain stem and com-

Table 1: Patient data and outcomes

Patient Age (yr)/ Offending
No. Sex Disease Side  Vessel Result Complication
1 46/F HFS R AICA-PICA Cure No
30/M HFS L VA AICA Cure No
3 53/F HFS L PICA Cure No
4 60/M HFS L VA AICA Cure No
5 40/F HFS L PICA Cure No
6 50/M HFS L AICA Cure No
7 57/F TN L Petrosal vein Cure No
8 61/F TN R SCA Cure No
9 62/F TN L SCA Cure No
10 74/F TN R SCA Cure No
1l 64/F TN L SCA, AICA Cure No
12 33/F TN L VA Cure No

Note:—AICA indicates anterior inferior cerebellar artery, PICA, posterior inferior
cerebellar artery; SCA, superior cerebellar artery; VA, vertebral artery.

FIG 2. Comparison between the black/white-reversed 3D T2WI-DRIVE (4, C, E) and sDRICE
images (B, D, F) at the NVC (arrow) in patients with HFS. In patients 1(A and B) and 2 (C and D), the
sDRICE images (B and D) clearly show that the offending vessel invaginates into the brain stem
and compresses the root exit zone of CN VII, in contrast to the 3D T2WI-DRIVE images (A and
C). In patient 6 (E and F), both images clearly show that the posterior cerebral artery

compresses CN VII.

pressed nerves at the NVC. Finally, the contrast and the CNRs of
the offending vessels to brain stem and the offending vessels to
compressed nerves were calculated by using the following equa-
tions: Contrast,,, = 2 (SI, — SI)/(SI, + SI,), and CNR,,, =
(SI, — SI,,)/SD,, where a and b denote the tissues of interest.

Statistical Analysis

A statistical analysis was performed by using standard statistical
software (SPSS Version 15.0 for Microsoft Windows; IBM, Ar-
monk, New York). An analysis of the interobserver agreement
regarding qualitative variables was assessed by the k agreement
test (k < 0, poor agreement; 0 < k < 0.2, slight agreement; 0.2 <
Kk < 0.4, fair agreement; 0.4 < k < 0.6, moderate agreement; 0.6 <
k < 0.8, substantial agreement; and 0.8 < k < 1, almost perfect
agreement).>” Because there was substantial agreement between
the scores given by the 2 raters at k = 0.660 (P < .001), only the
score data from 1 rater (rater 1) were used for the statistical anal-
ysis. The statistical significance of differences between 3D T2WI-
DRIVE and sDRICE was established by using the Wilcoxon signed
rank test in the qualitative evaluation. The data in the quantitative
evaluation are presented as means and SDs. A paired t test was
used to analyze observed differences.

RESULTS
All of the imaging examinations by using both 3D T2-weighted-DRIVE
and sDRICE were successfully completed before surgery. The clin-
ical results are shown in Table 1. In all 12 patients, the offending
vessels and compressing point predicted by the sDRICE images
matched the intraoperative findings. In all patients, the preoper-
ative HFS or TN was completely resolved after the microvascular
decompression, and no complication was encountered.
sDRICE images and the black/white-
reversed 3D T2WI-DRIVE images of pa-
tients with HFS and TN are shown in Figs
2 (HFS) and 3 (TN), respectively. The re-
sults of the lesion conspicuity scoring by
the 2 raters are shown in Table 2. In all
except 1 of the 6 patients with HFS, the
lesion conspicuity in SDRICE was scored
better than that in 3D T2WI-DRIVE by
both raters. In particular, in patients 1
and 2 (Fig 2A-D), the sDRICE images
were scored 2 points better than the 3D
T2WI-DRIVE images by both raters.
There was only 1 patient (patient 6, Fig
2E, -F) for whom 1 rater scored the 3D
T2WI-DRIVE and sDRICE
equally.

images

On the other hand, among the 6 pa-
tients with TN, there was only 1 patient
for whom the sDRICE images were scored
2 points better than the 3D T2ZWI-DRIVE
images by both raters (patient 7, Fig 34,
-B). In this patient, the offending vessel
(the petrosal vein) was clearly depicted on
the sDRICE images, in contrast to the 3D
T2WI-DRIVE images. The 3D T2WI-
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FIG 3. Comparison between the black/white-reversed 3D T2WI-DRIVE (A and C) and sDRICE
images (B and D) at the NVC (arrow) in patients with TN. In patient 7 (A and B), the sDRICE image
(B) clearly shows that the offending vessel (the petrosal vein) invaginates into CN V, in contrast
to 3D T2WI-DRIVE (A). In patient 10 (C and D), the offending vessel is relatively easily discrimi-

nated from CN V even on 3D T2WI-DRIVE (D).

Table 2: The lesion conspicuity scoring by the 2 raters®

Scores by Rater 1 Scores by Rater 2

Patient 3D 3D
No. Disease T2WI-DRIVE sDRICE T2WI-DRIVE sDRICE
1 HFS 1 3 1 3
2 HFS 1 3 1 3
3 HFS 1 2 1 3
4 HFS 2 3 2 3
5 HFS 2 3 2 3
6 HFS 2 3 2 2
7 TN 1 3 1 3
8 TN 1 2 1 3
9 TN 2 3 2 3
10 TN 3 3 2 3
ll TN 3 3 2 3
12 TN 3 3 3 3

2 Score 1, poor, not distinguishable due to no contrast; 2, good; distinguishable by
slight contrast; 3, excellent, easily distinguishable by clear contrast.

DRIVE and sDRICE images were scored equally by rater 1 for
patient 10 (Fig 3C, -D) and patient 11 and by both raters for
patient 12. In those patients, the 3D T2WI-DRIVE and sDRICE
images showed the offending vessel compressing CN V equally.

The results of the qualitative and quantitative analyses are
summarized in Table 3. In the qualitative analysis, regarding the
lesion conspicuity scored by rater 1, the sDRICE images received
significantly higher scores than the 3D T2WI-DRIVE images in all
12 patients (P = .006) and in the patients with HES (P = .023), but
not in the patients with TN (P = .102).

In the quantitative analysis, the contrast values between the
offending vessel and the brain stem and between the offending
vessel and the compressed CN on sDRICE were significantly
higher than those on 3D T2WI-DRIVE (P < .001). This difference
supports the results of the qualitative analysis for lesion conspi-
cuity. The CNRs between the offending vessel and the brain stem
and between the offending vessel and the compressed CN on
sDRICE were also significantly higher than those on 3D T2WI-
DRIVE (P = .003 and P = .007, respectively).

DISCUSSION
MR cisternography performed with techniques such as 3D FI-

ESTA,>'° 3D CISS,''™"? 3D T2-weighted-DRIVE sequences,””®
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and reversed heavy T2WI® provides
high spatial resolution and excellent visu-
alization of vessels and cranial nerves and
is thus a useful tool to depict cranial
nerves and vessels in the cerebral cisterns.
It is used for preoperative evaluations in
cases of vascular compression syndrome,
skull base tumors, and cerebrovascular
disease. However, in these sequences, the
contrast between vessels and cranial
nerves is not always great enough, occa-
sionally making a clear understanding of
the anatomic structure difficult, especially
in cases of neurovascular compression
syndrome.”'*'> Alternatives to standard
MR cisternography (ie, image fusion be-
tween 3D CTA or 3D TOF-MRA and 3D
MR cisternography) have been used to in-
crease the contrast between vessels and cranial nerves."*>*> How-
ever, several disadvantages of such image fusion techniques have
been reported. First, some data may be lost through the segmen-
tation process so that a signal defect in vessels or nerves occurs.>
Second, artifacts are occasionally enhanced through the fusion
process because artifacts of each technique are merged in the pro-
cess.”® Third, image fusion requires an extra software program
and is time-consuming in most cases.

sDRICE can solve the above-mentioned limitations of the cur-
rent standard MR cisternography because of its higher contrast
without the use of any image fusion. In the present study, the
lesion conspicuity of sDRICE was superior to that of 3D T2WI-
DRIVE. Unlike fusion images, sDRICE images can be easily and
quickly created on a console, and sDRICE presents no risk of data
loss during the subtraction process. In addition, artifacts from
CSF flow or chemical shifts are somewhat reduced by the subtrac-
tion process in SDRICE. Considering these advantages, SDRICE
may be applicable for other intracranial lesions such as skull base
tumors adjacent to cranial nerves.

On the basis of the results of the present study, we found that
sDRICE is more useful for understanding the anatomy at the
NVC in patients with HFS than in those with TN. The reasons for
this are as follows: In patients with HFS, because CN VII and the
offending artery are almost the same in diameter, the discrimina-
tion of these structures is difficult on 3D T2WI-DRIVE. In addi-
tion, the compressing point is generally at the root exit zone of CN
VII; thus, an offending artery tends to run adjacent to the brain
stem, occasionally invaginating into the brain stem, which also
makes it difficult to discriminate the artery from the brain stem
due to the lower contrast (patient 1, Fig 24, -B). In fact, in all
except 1 of the 6 patients with HFS, the lesion conspicuity of
sDRICE was scored better than that of 3D T2WI-DRIVE by both
raters. There was only 1 patient with HFS (patient 6, Fig 2E, -F) for
whom 1 rater scored the 3D T2WI-DRIVE and sDRICE images
equally, and this outcome was because the offending artery was
easy to discriminate from CN VII and the brain stem on both
images. In this case, the existing thin CSF space between the of-
fending artery and CN VII or brain stem may help in the discrim-
ination of these structures.



Table 3: Qualitative and quantitative analyses of 3D T2WI-DRIVE
and sDRICE images

3D P
Parameter T2WI-DRIVE sDRICE Value
Lesion conspicuity on the
neurovascular contact
point®
Rater 1
Overall (N = 12) 2.0(1-3) 30(2-3) 006
HFS (n = 6) 15(1-2) 303-3) 023
TN (n = 6) 2.5(1-3) 3.0(2-3) 102
Rater 2
Overall (N = 12) 2.0(1-3) 30(2-3) 004
HFS (n = 6) 15(1-2) 3.0(2-3) .038
TN (n = 6) 2.0(1-3) 3.0(3-3) .038
Contrast (N = 12)°
Vessel/nerve —121*+072 028 *015 <.001
Vessel/brain stem —108 £ 0.67 0.7 =0.88 <.001
CNR (N =12)°
Vessel/nerve —1.80 =147 334+199 .007

Vessel/brain stem —097 =058 2.25=*157 .003

2 Scoring data are listed for both raters as rater 1/rater 2 and correspond to the
median (with range) across patients. P values were calculated with the Wilcoxon
signed rank test.

b Contrast and CNR data are means = SD. The P values were calculated with a paired
t test. Contrast,, = 2(Sl, — Sly)/(Sl, + Sly), and CNR,,, = (S, — Sl)/SD,.

On the other hand, in the patients with TN, the offending
artery (the superior cerebellar artery in most cases) was smaller in
diameter than the trigeminal nerve, and it generally ran apart
from the brain stem; thus, it was relatively easy to discriminate
these structures, even on 3D T2WI-DRIVE without contrast en-
hancement. For the same reason, sDRICE may also be useful for
cases of glossopharyngeal neuralgia, in which a cranial nerve and
the offending vessel are similar in diameter.

As described in the “Materials and Methods” section, we used
2 steps for accurate subtraction without fusion to obtain the
sDRICE images and controlled possible misregistration by using
an internal check. First, we matched the FOV and the voxel reso-
lution between 3D T2WI-DRIVE and CE 3D T1WI for the same
scanning range. Second, we shortened the interval time between
the 2 sequences by scanning CE 3D T1WT in the train of 3D T2WI-
DRIVE, and we asked the patients to keep still. In this study,
because all patients were without cognitive deficits and were sta-
ble in physical status, subtraction without fusion was successfully
completed in all of them. However, this method might have pos-
sible subtle misregistration; thus, we checked and confirmed
whether the diameter of CN V and VII and that of the offending
vessels on sSDRICE were similar on 3D T2WI-DRIVE and CE 3D
T1WI side by side. Because of this possible misregistration, neu-
roradiologists separately evaluate 3D T2WI-DRIVE and CE 3D
TIWI side by side for diagnostic purposes in clinical practice in
our institution. Therefore, sDRICE images are used as adjuncts
for more precise evaluation at neurovascular contact. On the
other hand, for neurosurgeons, sSDRICE has replaced the role of
3D T2-DRIVE and CE 3D T1WI for preoperative planning and
intraoperative viewing.

Because sDRICE has excellent conspicuity at neurovascular
contact and can depict both nerves and vessels on only 1 image set,
it is more useful and practical for neurosurgeons than side-by-
side-displayed 3D T2WI-DRIVE and CE 3D TIWL. Only 1 disad-
vantage of sDRICE compared with the standard noncontrast MR

cisternography was noted; with sSDRICE, a contrast medium must
be administered, which is contraindicated for patients with a his-
tory of allergy or renal dysfunction. However, an accurate preop-
erative evaluation of neurovascular anatomy is crucial for success-
ful surgery in cases of neurovascular compression syndrome;
thus, the use of contrast medium can be justified despite a possi-
ble-but-rare allergic reaction. In addition, contrast-enhanced im-
ages can depict not only arteries but also veins, in contrast to TOF
imaging.'> Adjacent veins can be an offending vessel in cases of
TN. Moreover, the identification of venous anatomy in the surgi-
cal field, especially of the petrosal vein or its collateral veins, is
crucial to avoid postoperative venous infarction. Therefore, an
enhanced MR image is always mandatory for the precise preop-
erative evaluation in cases of vascular compression syndrome.

CONCLUSIONS

sDRICE is a novel, simple, and useful postprocessing technique to
evaluate neurovascular anatomy in patients with neurovascular
compression syndrome. It is useful especially in patients with HES
for discriminating offending vessels from cranial nerves or the
brain stem due to the excellent contrast between these structures.
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Dual Stenting Using Low-Profile LEO Baby Stents for the
Endovascular Management of Challenging Intracranial

Aneurysms
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ABSTRACT
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BACKGROUND AND PURPOSE: Endovascular treatment of wide-neck, complex, and distally located cerebral aneurysms is a challenging

issue. This study evaluated the safety and efficacy of dual stent placement by using a low-profile stent system (LEO Baby) for the treatment

of challenging distal intracranial aneurysms.

MATERIALS AND METHODS: We retrospectively reviewed patients in whom at least 1 LEO Baby stent was used in the context of dual
stent placement for the treatment of intracranial aneurysms. Patients who were treated with dual stent-assisted coil embolization and

telescopic implantation of LEO Baby stents were included in the study. Clinical and angiographic findings, procedural data, and follow-up

are reported.

RESULTS: Twelve patients were included in this study. Three patients presented with subarachnoid hemorrhage in the subacute-chronic

phase, and the remaining patients had unruptured aneurysms. Nine patients were treated by using the dual stent-assisted coiling method.

X- (nonintersecting), Y- (intersecting and reversible), T-, and parallel-stent configurations were performed for the dual stent-assisted

coiling procedures. Three patients were treated by using telescopic stent placement for a flow diverter—like effect. The procedures were

successful in all cases. Technical complications without a significant clinical adverse event developed in 2 patients. The 3- and 6-month

control MRAs and DSAs demonstrated complete occlusion of the aneurysms in all patients except 1. All patients had good clinical

outcomes on follow-up (MRS =1).

CONCLUSIONS: The results of this small study showed the feasibility of dual stent placement by using low-profile LEO Baby stents to

treat distally located complex intracranial aneurysms.

ABBREVIATION: AcomA = anterior communicating artery

oiling of intracranial aneurysms is safe and effective, but en-
dovascular treatment of wide-neck and anatomically com-
plex aneurysms remains challenging.' Self-expandable intracra-
nial stents have been used in the past decade to achieve successful
and durable coil embolizations of these aneurysms.*™* The place-
ment of a stent bridging the ostium of a wide-neck aneurysm
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creates a scaffold, which prevents the protrusion or herniation of
coils into the parent artery and results in denser coil packing. In
addition to the mechanical effect, intracranial stents have hemo-
dynamic and biologic effects.”® Stent deployment across the ori-
fice of an aneurysm is thought to redirect blood flow from the sac
of the aneurysm toward the distal parent artery and decrease the
hemodynamic stress that contributes to thrombosis of the aneu-
rysmal sac.” Furthermore, stent-induced neointimal overgrowth
leads to the healing of the neck of the aneurysm.'® On the basis of
these effects, stent monotherapy has been proposed as an alterna-
tive strategy for the endovascular treatment of uncoilable and
complex intracranial aneurysms.”'! The telescopic placement of
self-expandable intracranial stents can adequately divert the
blood flow, especially for the treatment of blisterlike aneurysms.'?

Recently, low-profile, self-expandable, braided intracranial
stents (LEO Baby [Balt, Montmorency, France] and LVIS Jr.
[MicroVention, Tustin, California]) have been available for the

endovascular treatment of complex and/or distal aneurysms.'>'*
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These low-profile intracranial stents can be deployed into arteries
with diameters of <3.5 mm and delivered through microcath-
eters with an internal diameter of 0.0165 inches, which allows
easier navigation in small-sized, delicate vessels.

A single stent may not suffice for the endovascular treatment
of wide-neck and geometrically complex bifurcation aneurysms
with involvement of 1 or both side branches. Endovascular treat-
ment of these complex aneurysms often necessitates the implan-
tation of 2 stents (ie, dual stent placement) in various configura-
tions, such as Y-, X-, or parallel configurations.'*'¢

This retrospective study evaluated the safety and efficacy of dual
stent placement by using a low-profile stent system (LEO Baby) for
the treatment of challenging intracranial aneurysms.

MATERIALS AND METHODS

Patient Population

We retrospectively reviewed interventional neuroradiology case
records to identify patients in whom at least 1 LEO Baby stent was
used in the context of dual stent placement for the treatment of in-
tracranial aneurysms. Dual stent placement included Y-, X-, T-, or
parallel configurations and the telescopic implantation of 2 low-pro-
file stents without coiling (ie, telescopic stent monotherapy).

Interventional Procedures

All patients received 75 mg of clopidogrel and 300 mg of aspirin
daily for at least 5 days before the procedure. In all cases, clopi-
dogrel resistance was evaluated before the procedures (VerifyNow
P2Y12 assay; Accumetrics, San Diego, California) to ensure a
good response to clopidogrel. All endovascular procedures were
performed with the patient under general anesthesia. Systemic
anticoagulation was initiated immediately after the insertion of a
femoral introducer sheath with a bolus dose of 5000 IU of IV
heparin. The bolus dose was followed by a slow heparin infusion
to maintain an activated clotting time of 2 times above the base-
line value. A 6F guiding sheath was placed in the common carotid
artery or the subclavian artery at the beginning of the procedure,
and a distal-access catheter (Fargomax [Balt] or Neuron 070 de-
livery catheter [Penumbra, Alameda, California]) was navigated
through the sheath into the intracranial internal carotid artery or
to the V2 segment of the vertebral artery.

Stent-Assisted Coiling. Stent-assisted coil embolization of the
aneurysms was performed by using the jailing technique. Aneu-
rysm sacs were catheterized by using an Excelsior SL-10 (Stryker
Neurovascular, Fremont, California) or Headway 17 microcath-
eter (MicroVention/Terumo) with a soft-tip 0.014-inch microgu-
idewire before stent deployment. A second microcatheter (Vasco
21 [Balt] for the LEO stent, Prowler Select Plus [Codman &
Shurtleff Neurovascular, Raynham, Massachusetts] for the Enter-
prise stent [Codman & Shurtleff], Excelsior SL-10 [Stryker Neu-
rovascular] or Headway 17 for LEO Baby stents) was navigated
across the aneurysm. For Y- and T-stents, including the tempo-
rary Y, the first stent was deployed and the microcatheter was
navigated through the stent over the delivery wire. The delivery
wire was exchanged with a microguidewire, the second side
branch was accessed by using the same microcatheter, and the
second stent was deployed (for the reversible Y, it was partially
deployed and retrieved later). For X- and parallel-stent place-
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ment, 2 microcatheters (Excelsior SL-10 or Headway 17) were
placed from the ipsilateral A1 to the ipsilateral (parallel type) or
contralateral A2 segments (X type). An exchange maneuver was
performed after the deployment of the first stent to replace the
larger microcatheters with an Excelsior SL-10 or Headway 17
when stents other than the LEO Baby were used as the first stent.

Coiling was performed with bare platinum detachable coils
after the stents were deployed across the neck of the aneurysm.
The aneurysms were coil-embolized until complete occlusion was
achieved or no further coils could be safely deployed within the
aneurysm sac.

Telescopic Dual Stent Placement with or without Coiling. We
preferred to perform a dual stent monotherapy by using the tele-
scopic implantation of 2 low-profile LEO Baby stents to achieve
flow diversion. The microcatheter was navigated across the aneu-
rysm neck during this procedure. Two LEO Baby stents were de-
ployed telescopically within each other at the neck of aneurysms
by using the same microcatheter. In 2 patients with dissecting
aneurysms, stent monotherapy was performed; in 1 patient, sub-
total coiling was performed.

Follow-Up

Immediate postprocedural angiograms were obtained at the end
of the embolization procedures. Patients were asked to return at 3
months for MR angiography and at 6 months for a digital sub-
traction angiography follow-up. Patients’ neurologic statuses
were evaluated at the time of follow-up imaging by using the
modified Rankin Scale. Postprocedural dual antiplatelet treat-
ment, including 75 mg/day of clopidogrel and 300 mg/day of
aspirin, was continued for 6 months. Then, dual antiplatelet
therapy was switched to 300 mg/day of aspirin monotherapy.

RESULTS

Twelve patients, 9 women and 3 men, were included in the study.
The mean age was 55.2 years (range, 30— 69 years). Three patients
presented with subarachnoid hemorrhage in the subacute (1-3
weeks) phase, and the remaining patients had unruptured aneu-
rysms. Five of the 12 aneurysms were located at the anterior com-
municating artery (AcomA), 2 aneurysms were located at the
basilar artery, 1 aneurysm was located at the posterior inferior
cerebellar artery, 1 aneurysm was located at the Al segment of the
anterior cerebral artery, and 3 aneurysms were located at the MCA
bifurcation. The mean aneurysm size was 9.8 mm (range, 3-22
mm). One patient had a previous coiling (patient 9), and another
patient had a previous surgical clipping (patient 6) of the target
aneurysm. Data on patient characteristics and procedures are
summarized in detail in the On-line Table.

The dual stent-assisted coiling procedure was performed in 9
patients. Y-stent placement was performed in 5 patients (Fig 1), 1
of whom underwent temporary Y-stent placement. T- and non-
intersecting X- (Fig 2) and parallel-stent placement were per-
formed in 4 additional patients. The patient whose AcomA
aneurysm (patient 4) was treated by using the nonintersecting
X-stent-assisted coiling method also had 2 additional aneurysms
located on the supraclinoid segment of left internal carotid artery.
A flow-diverter stent (Silk; Balt) was implanted across the neck of
these ICA aneurysms in the same session with X-stent placement



FIG 1. Procedural and follow-up DSAs of patient 3. A, DSA in the oblique-Waters projection revealing an 8-mm AcomA aneurysm with a wide
neck extending to both A2 segments and a separate baby aneurysm at the left AI-A2 junction. B, The postprocedural native image from DSA
shows that the aneurysm was well-embolized by stent-assisted coiling by using 2 LEO Baby stents in a Y-configuration. C, DSA in the 6-month

angiogram shows no residual aneurysm and patent stents.

FIG 2. Procedural DSA images of patient 4. A, A 9-mm AcomA aneurysm with a wide neck
extending to both A2 segments. B, A roadmap capture in the Waters projection obtained after
bilateral simultaneous internal carotid artery injections. It shows nonintersecting X-stent place-
ment and the jailed microcatheter within the aneurysm sac. C and D, The postprocedural DSA
images after both left internal carotid artery injections show coiling by using 2 LEO Baby stents in
an X-configuration.

(Fig 2). In 1 patient, telescopic stent
placement following the partial coiling
was performed in an effort to achieve
flow diversion because stent-assisted
coiling with a single stent was subopti-
mal due to recurrent microcatheter
kickback from the shallow aneurysm
(patient 11). Including patient 11, tele-
scopic stent placement was performed
in 3 patients (Fig 3). Only LEO Baby
stents were used for dual stent place-
ment in 8 patients. Enterprise and LEO
stents were used as the first stent in 4
cases followed by the placement of LEO
Baby stents. LEO Baby stents were suc-
cessfully deployed in all patients ex-
cept patient 7, in whom migration of
the LEO Baby occurred during deploy-
ment. Immediate postprocedural DSA
images demonstrated a complete or
near-complete occlusion in 9 aneu-
rysms that were treated by using dual
stent-assisted coiling techniques (Fig
4). The immediate postprocedural
DSA of patients who underwent tele-
scopic stent placement, including pa-
tient 11, revealed a complete occlusion
of the aneurysm in 1 patient and a
stagnated filling of the neck in the 2
other patients.

Two technical complications with-
out significant clinical adverse events
were noted in this series. Stent place-
ment with a reversed T-stent was at-
tempted for the treatment of an MCA
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FIG 3. DSA and CT angiography images of patient 8. A, DSA image after the vertebral artery
injection shows a 9-mm dissecting aneurysm located at the origin of the right posterior
inferior cerebellar artery. B, Unsubtracted DSA image obtained during endovascular treat-
ment shows 2 telescopically implanted LEO Baby stents. C, Three-month follow-up CT
angiogram shows the patent stents and no filling of the aneurysm. D, Six-month follow-up
DSA image in the oblique position reveals no residual aneurysm filling and some neointimal

growth within patent stents.

bifurcation aneurysm in patient 7. The first stent was deployed
precisely during the procedure; the proximal tip of the stent ended
exactly at the start of the superior MCA trunk, which originated
from the aneurysm. However, we realized that the deployment
system was stuck when we attempted to release the stent at the
desired location, and the stent could not be released from the
delivery wire despite being fully deployed. The stent was released
from the delivery wire and migrated into the aneurysm sac follow-
ing a gentle backward and forward manipulation of the wire,
which was fixed to the stent. The aneurysm sac was catheterized by
using the same microcatheter that was used for stent deployment,
and the migrated stent was immobilized through the placement of
several coils into the aneurysm sac. Two more stents in a Y-con-
figuration were consecutively placed into the lower and upper
MCA trunks to complete the coil embolization. Coiling was final-
ized in the usual manner without sequelae.

Temporary Y-stent placement was planned in 1 patient (pa-
tient 1) who had an MCA bifurcation aneurysm due to the high
risk of a kickback of the microcatheter from the shallow aneurysm
sac during coiling. A LEO Baby stent was deployed in the superior
trunk of the MCA. A second LEO Baby stent was released in the
inferior trunk for approximately 60% of the length of the stent
with the intention of pulling it back after coiling. An instanta-
neous extravasation from the aneurysm was noted during the
procedure, and coiling was continued with the assistance of
both stents. However, the microcatheter kicked back from the
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aneurysm sac. The partially opened sec-
ond stent was withdrawn in response,
and access to the aneurysm sac was at-
tained with the microcatheter to com-
plete the coiling. The patient awoke
without neurologic deficits. Cerebral CT
revealed that the contrast extravasation
was confined to the Sylvian fissure.

Six-month follow up DSAs were
available in 8 of the 12 patients. They
demonstrated a stable occlusion of the
aneurysms in all 8 patients. One patient
(patient 7) had a 3-month follow-up
DSA, which demonstrated the recur-
rence of the treated aneurysm. Two pa-
tients had 3-month follow-up MRAs
that revealed a complete occlusion of the
aneurysms in both. In 1 patient (patient 6),
follow-up DSA at 6 months showed the
occlusion of both Al segments with ro-
bust retrograde opacification of the dis-
tal anterior cerebral arteries from the
leptomeningeal collaterals. This patient
did notreliably adhere to her antiplatelet
medication regimen after discharge. The
finding was incidental, and the patient
did not have any neurologic signs or
symptoms. We had not performed any
follow-up imaging examination in 1 pa-
tient (patient 11) at the time of submis-
sion of this article. Neurologic control
examinations at follow-ups revealed
good clinical outcomes in all patients (mRS scores ranged be-
tween 0 and 1).

DISCUSSION
Several endovascular techniques have been defined for the treat-
ment of wide-neck intracranial aneurysms. Balloon-assisted coil-
ing, stent-assisted coiling, dual or telescopic stent placement, and
flow diversion by using dedicated flow diverters are the most
commonly used methods for the endovascular treatment of wide-
neck aneurysms. Balloon-assisted coiling is a relatively safe
method, but it is associated with retreatment in the long term.'”'®
Stent-assisted coiling addresses both the defective wall segment of
the parent artery and the aneurysm sac.'”*® Stents may enable
endovascular treatment in otherwise uncoilable aneurysms by
providing a scaffold during coiling. Moreover, stents decrease an-
eurysm recurrence rates by altering hemodynamic effects and
stimulating healing reactions.'®*°

Dual stent placement may be required for the endovascular
treatment of some aneurysms, especially aneurysms located at the
bifurcations and AcomA.?***> Chow et al'® first defined stent-
assisted coiling in the Y-configuration in 2004. Menendez and
Harrigan'? described X-configuration stent placement, and dual
stent placement is now widely used for the treatment of wide-neck
complex aneurysms.*°>* Recently, several successful series of Y-
or X-stent-assisted coiling by using low-profile stents have been



FIG 4. Procedural DSA images of patient 10. A, DSA image after the injection of left ICA reveals a fusiform 7-mm MCA bifurcation aneurysm
extending to both MCA trunks. B, Roadmap-capture image in an oblique working projection shows the implantation of 2 LEO Baby stents in a
T-configuration. C, The postprocedural DSA image in the working projection demonstrates the embolized aneurysm sac and the small residual

“dog-ear” fillings at the origin of both trunks.

published.'>** Mohlenbruch et al** reported 22 patients treated
with LVIS Jr. stents, 9 of whom underwent dual stent placement.
In another study, 11 of 34 aneurysms treated with LVIS Jr. stents
underwent dual stent placement.'”> However, only the first report
provides details about the outcomes of dual stent placement by
using low-profile stents, and this study suggested that these stents
are safe to use in dual stent-assisted coiling. To our knowledge,
there are no previous studies on dual stent placement by using the
low-profile LEO Baby stent used in our series. We treated com-
plex/distal intracranial aneurysms by using dual stent placement
with the LEO Baby stent. Our case series demonstrates that favor-
able immediate and early follow-up angiographic results can be
attained with dual stent placement by using low-profile intracra-
nial stents that are deployed in various configurations, including
telescopic stent placement for the treatment of wide-neck, com-
plex aneurysms. We found that various dual stent placement con-
figurations, such as Y-, nonintersecting X-, T-, and parallel-stent
placement, could be successfully performed by using double LEO
Baby stents or a single stent in combination with larger intracra-
nial stents. To the best of our knowledge, there is only 1 case
report of the use of LEO Baby stents for dual stent placement
(nonintersecting X-stent placement) in the literature,'* and there
are no reports on intersecting (ie, Y or reversible Y) or tangential
dual stent placement (ie, T).

LEO Baby stents are self-expandable, low-profile stents com-
posed of braided mesh nitinol wires. Two platinum wires enable
radiographic visualization of the stent. LEO Baby stents, similar to
the LVISJr. stents, exhibit several advantages over laser-cut stents.
First, LEO Baby stents have a sliding-strut design, and this hybrid

design allows better wall apposition and scaffolding compared
with open and closed cells. Second, LEO Baby stents are re-
sheathable or re-positionable up to approximately 95% of their
length.'* This feature is a major advantage over nonretrievable
open-cell stents and Enterprise stents, which can be retrieved up
to 70% of their length, and the LVIS Jr. stent, which can be with-
drawn until it is 80% released.”** Finally, the LEO Baby stent fits
inside microcatheters with luminal diameters of 0.0165 inches;
therefore, these stents may exhibit improved navigation within
arteries or through already-deployed stents. The struts of LEO
Baby stents are not fixed (ie, the struts can move over each other);
this feature makes room for the second stent and decreases the
constraint on the second stent at the level of the stent intersection.
Catheterization of the side branch through the stent is possible for
the same reason. Similar to LEO stents, 2 radiopaque platinum
makers of the LEO Baby stents produce linear artifacts, which
would imitate an in-stent stenosis on the reconstructed MRA im-
ages.”® However, the LEO Baby stents do not produce any signif-
icant artifacts outside the stent, and evaluation of residual or re-
current filling of the aneurysm is straightforward. Thus, we used
contrast-enhanced MRA for 3-month follow-up imaging of our
patients.

Several differences exist between the LVIS jr. stent and the
LEO Baby stent. The major difference is the cell size. The LEO
Baby stent has a cell size of approximately 0.9 mm, which is sig-
nificantly smaller than that in the LVIS Jr. stent (1.5 mm).** We
can cross the LEO Baby stent with small microcatheters (1.7F
internal diameter) for Y-stentings, despite the very small cell size.
However, every effort should be made to jail the microcatheter
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before stent placement and to stent the harder-to-access branch
first. Otherwise, the angle of entry through the attenuated stent
mesh may not allow safe intra-aneurysmal or side-branch access.
One advantage of this attenuated mesh is that the telescopic con-
figuration may enhance healing by acting as a miniature flow di-
verter, as demonstrated in 2 of our telescopic configurations. Ad-
ditionally, LEO Baby stent placement is intended for arteries as
small as 1.5 mm (versus 2.0 mm), and it has been used in smaller
arteries.'*?” The second difference is the presence of shorter
flared ends in the LEO Baby stent, which potentially eases re-entry
to the stent for dual stent placement once it is deployed. Finally,
the LEO Baby stent is composed of 16 wires versus the 12 wires in
the LVIS Jr., which increase its radial force.'* This difference may
have prevented incomplete stent opening in the 20 stents de-
ployed in this series. This adverse event occurs at a rate of 6%—7%
with the LVIS Jr.2**°

One technical complication, stent migration into the aneu-
rysm after deployment, developed in 1 of our patients, but this
complication did not result in any clinical consequences. Stent
migration during deployment was reported by using other types
of open-cell or closed-cell stents, but migration may be more of a
concern with low-profile braided stents because they have a lower
radial force. Not surprising, only 1 stent migration was reported
in the 22 patients treated by Mohlenbruch et al.** The underlying
cause for this technical complication was manipulation of the
delivery wire, which was stuck in the stent. This adverse event, to
the best our knowledge, has not been reported previously by using
low-profile stents. Another complication was occlusion of the
parent artery without any clinical deficit at the 6-month follow-
up. This patient did not adhere to the antiplatelet medication
regimen after discharge. An early switch from dual antiplatelet
therapy to aspirin monotherapy increases the risk of delayed
thromboembolic complications in patients treated by stent-as-
sisted coiling.”® When we considered the distal locations of the
aneurysms and relatively small sizes of the parent arteries in our
cases, we continued the dual antiplatelet therapy for 6 months
after the procedures. The newer versions of the LEO stents, in-
cluding LEO Baby stents, undergo a new surface-modification
procedure29 to decrease thromboembolic events, but a higher
risk of thromboembolic events is expected with the use of these

stents in smaller stented arteries. Mohlenbruch et al**

reported
that the risk of transient thromboembolic events was 14%, which
is higher than normal for stents placed in large intracranial arter-
ies. Intuitively, we anticipate a considerable thromboembolic risk
for dual stent placement in small-caliber arteries and advocate
heavy reliance on point-of-care testing and adenosine diphos-
phate/thrombin receptor agonist peptide values from the hospital
laboratory to exclude patients with clopidogrel hyposensitivity.

Temporary stent placement with laser-cut intracranial stents
has been described recently for ruptured aneurysms.*® Our series
demonstrated that this technique could be applied by using low-
profile braided stents. Furthermore, this technique can also be
used in unruptured aneurysms when there is a high risk of rupture
or catheter kickback during dual stent placement, as shown in our
series.

Our series reported successful results of telescopic dual-stent
monotherapy for the treatment of 2 distally located, complex an-
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eurysms. To the best of our knowledge, these patients are the first
to have reports of telescopic low-profile stent implantation as
stent monotherapy for the treatment of intracranial aneurysms.
The aneurysms in these patients were distally located, partially
thrombosed, and wide-neck. In another patient, we performed
telescopic stent placement following an incomplete stent-assisted
coiling to achieve complete occlusion. The placement of 2 LEO
Baby stents inside one another telescopically may act as a flow
diverter for distally located and/or dissecting aneurysms due to
their attenuated mesh and higher wall coverage. The telescopic
placement of low-profile braided stents may be an alternative to
dedicated flow diverters and larger stents in parent arteries of <2
mm because these devices pass through larger and stiffer micro-
catheters with limited capacity during the catheterization of very
distal aneurysms.

CONCLUSIONS

The short-term follow-up results of dual stent placement by using
low-profile intracranial stents for the treatment of complex intra-
cranial aneurysms in this small series are encouraging. This small
study showed the feasibility of dual stent placement by using low-
profile stents to treat distally located complex intracranial aneu-
rysms. Moreover, the techniques were effective and were not as-
sociated with clinically significant adverse events.
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Visual Outcomes with Flow-Diverter Stents Covering the
Ophthalmic Artery for Treatment of Internal Carotid
Artery Aneurysms
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ABSTRACT

BACKGROUND AND PURPOSE: Flow-diverting stents can be used to treat intracranial aneurysms that are not amenable to treatment
with coils. We analyzed ophthalmic consequences due to coverage of the origin of the ophthalmic artery by flow-diverting stents for the
treatment of internal carotid artery aneurysms.

MATERIALS AND METHODS: From April 2009 to April 2013, the clinical and angiographic outcomes of all 28 patients treated for
aneurysms with flow-diverting stents covering the origin of the ophthalmic artery were prospectively collected. The origin of the
ophthalmic artery in relation to the target aneurysm was classified by using a 4-type classification. A complete ophthalmic examination was
performed by a single ophthalmologist 48 hours before and 1 week after covering the ophthalmic artery.

RESULTS: Ophthalmic artery patency was normal at the end of endovascular treatment in 24/28 cases (85.7%). With extensive ophthalmic
examinations, 11 patients (39.3%) showed new ophthalmic complications. Patients with the ophthalmic artery originating from the aneu-
rysm sac were at high risk for retinal emboli (4/5, 80%). Patients with the ophthalmic artery originating from the inner curve of the carotid
siphon were at high risk for optic nerve ischemic atrophy (3/4, 75%).

CONCLUSIONS: This prospective study shows that covering the ophthalmic artery with a flow-diverting stent is not without potential
complications. Ophthalmic complications can occur but are often not diagnosed. The anatomic disposition of the ophthalmic artery in
relation to the carotid siphon and aneurysm should be clearly understood because some configurations have a higher risk. When not

required, covering of the ophthalmic artery by flow-diverting stents should be avoided.

ABBREVIATIONS: FDS = flow-diverting stent; OA> = ophthalmic artery aneurysm; PED = Pipeline Embolization Device

low-diverting stents (FDSs) are commonly used for the endo-

vascular reconstruction of a segmentally diseased parent vessel
and treatment of large-neck intracranial aneurysms, which can be
difficult to reconstruct with coils, even when used with large-cell
stents.'® FDSs aim to maintain normal blood flow through parent
and branch vessels while disrupting flow into the aneurysm, causing
thrombosis, and eventually sealing the aneurysm ostium through
neointimal proliferation across the device struts.® Good angio-
graphic and clinical results have been achieved in small series.* >

One issue concerning intracranial aneurysm treatment by an
FDS is the patency of the perforating arteries and side branches
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covered by the device.'? FDSs are designed to provide sufficient
coverage across the aneurysm neck to exclude the lesion from
circulation but to be porous enough to preserve the patency of any
branch vessels covered by the construct through the interstices
between the device strands.'” The flow into the regional perfora-
tors and branch arteries is governed by different factors from
those that drive flow into an aneurysm, and the patency of the
perforators is maintained by a suction effect due to lower pressure
in those branches.'* This has been studied with histologic evalu-
ation of the Pipeline Embolization Device (PED; Covidien, Irvine,
California) in rabbit aorta, demonstrating rounded funnel-like
defects into the homogeneous sheet of neoendothelium on the
FDS in regard to the orifices of the regional branches."®

This pressure gradient may, however, be less important in ves-
sels that have robust competitive collateral flow.' This is most
frequently seen when constructs are built over the ophthalmic
artery, which occasionally becomes occluded when covered by
multiple devices.? In these situations, competitive collateral flow
from the external carotid artery may create a “flow equalization



FIG 1. Classification according to the anatomy of the origin of the covered ophthalmic artery:
the ophthalmic artery aneurysm classification. A, Type A: ophthalmic artery originating from the
aneurysm sac. B, Type B: ophthalmic artery originating from the neck of the aneurysm. C, Type C:
ophthalmic artery originating in the inner curve of the carotid siphon. D, Type D: ophthalmic
artery not involved in the aneurysm but covered by the Pipeline Embolization Device.

point,” resulting in slow flow or proximal occlusion of the oph-
thalmic artery because of its retrograde supply from the external
carotid artery circulation.'>'® Recently, a study evaluated the pa-
tency rate of the ophthalmic artery with standard digital subtrac-
tion angiography and any change in angiographic flow in the
artery immediately after FDS placement across the arterial inlet
for the treatment of 20 proximal ICA aneurysms.'” This study
assessed 21% of ophthalmic artery occlusions and 11% of oph-
thalmic arteries with slow antegrade flow. In this small, retrospec-
tive series, no visual worsening was observed in case of flow
change in the ophthalmic artery, but only 5 patients had a detailed
ophthalmic examination.'” Because small visual field amputations
due to ischemic lesions can be easily underdiagnosed and they are
often asymptomatic, it appears mandatory to explore ophthalmic
disorders with a complete examination to identify even small deficits.

In this study, we analyzed ophthalmic consequences due to cov-
erage of the ophthalmic artery by the implantation of an FDS cover-
ing the origin of the ophthalmic artery for the treatment of terminal
ICA aneurysms. This analysis focuses on the anatomy of the origin of
the ophthalmic artery in relation to the target aneurysm.

MATERIALS AND METHODS

Patients

From April 2009 to April 2013, the clinical and angiographic out-
comes of all patients treated at our institution for aneurysms with
PEDs covering the origin of the ophthalmic artery were collected
prospectively. Our institutional ethics committee approved the
study. Written informed consent was obtained from each patient.

Procedures

All procedures were performed by an experienced neuroradiolo-
gist with the patient under general anesthesia, by using a triaxial
approach. Accurate measurement of the parent artery was per-
formed on 3D images, acquired with rotational angiography, with
a dedicated workstation (XtraVision; Philips Healthcare, Best, the
Netherlands) for vessel analysis before each procedure. The PEDs
(Covidien) were deployed in the desired position to have a perfect
wall apposition. Angiographic images were acquired in antero-
posterior, lateral, and working projections before and immedi-
ately after treatment. To assess the wall positioning of the device,
we performed a vaso-CT acquisition (Allura Xper FD20; Philips
Healthcare) just after the deployment.'® In case of malposition-
ing, balloon remodeling was performed inside the device or a
second overlaid PED was implanted.

The number of PEDs to be deployed
was decided on the basis of flow reduction
observed during the procedure or of ana-
tomic circumstances. Additional coiling
was performed in large aneurysms with a
maximum diameter of >12 mm, by using
the jailed microcatheter technique.

Periprocedural Medication

All patients were given dual antiplatelet
therapy for 7 days before to 3 months
after the intervention (clopidogrel, 75
mg; aspirin, 160 mg daily). Adequate
platelet inhibition was verified the day
before treatment with the VerifyNow P2Y12 assay (Accumetrics,
San Diego, California).

If there was resistance, the doses were increased.

During catheterization and PED placement, anticoagulation
with heparin kept the activated clotting time at 2-3 times the
normal value. In addition, 250 mg of aspirin was given intrave-
nously just before PED deployment.

Imaging

MR imaging was performed to assess optic nerve compression
and cerebral ischemic complications with a 3T system before and
1 day and 3 months after the procedure.

Data Collection and Image Analysis

Patient age, sex, aneurysm location and type (saccular or fusi-
form), the presence of previous treatment, size, rupture status at
presentation, and compressive symptoms were collected. Proce-
dural details (eg, number and size of implanted PEDs and associ-
ated coiling) were noted.

A single reader evaluated all angiograms. Aneurysm occlusion
was assessed by using the O’Kelly-Marotta grading scale. The pa-
tency of the ophthalmic artery was reported as normal or slowed
anterograde flow, occlusion, or retrograde filling.

Classification according to Anatomy of the Origin of the
Covered Ophthalmic Artery

The origin of the ophthalmic artery correlated to the location of
the aneurysm was assessed by using a 4-type ophthalmic artery
aneurysm (OA?) classification as detailed in Fig 1.

Ophthalmologic Examination

A complete standardized ophthalmologic examination was per-
formed by a single ophthalmologist 48 hours before and 1 week
after covering the ophthalmic artery. At every visit, possible visual
side effects of treatment (decrease of visual acuity, loss of visual
field, diplopia, and ocular pain) were investigated.

A routine logarithm of the minimum angle of resolution best
spectacle-corrected visual acuity assessment was performed, fol-
lowed by a slit-lamp examination of the anterior segment, fluo-
rescein staining, a dilated fundus examination, and applanation
tonometry. The oculocephalic reflex and a Lancaster test searched
the limitation of the extrinsic ocular motility.

Each patient underwent retinal photography and, in case of
any abnormality, retinal fluorescein angiography to study retinal
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Table 1: Demographics and aneurysm/procedure characteristics® RESULTS
Overall Type Patients
(n=28) A(n=5) B(n=6) C(n=4) D(n=13) Twenty-eightinternal carotid arteryaneu-

Demographics rysms in 28 patients (median age, 52 years;
Age (yr) 52(19-81)  45(25-73) 54 (36-79) 46 (38-66) 52 (19-8]) 32.1% men) were selected for treatment

| Men 9(2)  3(60.0)  1067)  2(50.0)  3(3)  with the FDS covering the origin of the
neurysm . .

Size (mm) 8(-17) 634  7(60)  m(s sy  Cphthalmicartery (Table 1). Median an-
Fortuitous presentation®  19(67.9)  4(80.0)  6(100.0) 0 9(692)  curysmsize was 8 mm (range, 3-17 mm).

Procedure Presentations were fortuitous in 67.9%,
FDS and coils 7 (25.0) 0 1(16.7) 1(25.0) 5(38.5) angiographic recurrence of previously en-
>1FDS 12(42.9) 1(20.0) 2(333) 2(50.0) 7(539) dovascularly treated aneurysms in 17.9%,

2 Values reported are median (range) or count (percentage). and acute oculomotor nerve palsy due to
b Other cases were recanalization or oculomotor palsy. . .
nerve compression by the aneurysm in
Table 2: Outcomes® 14.2%.
Overall Type Aneurysms were treated with an FDS
(n=28) A(n=5) B(n=6) C(n=4) D(n=1) alone in 75% and with an FDS and coils in

Normal patency of ophthalmic artery® 25% (Table 1). In most cases (57.1%),
Immediately after procedure 24(85.7) 5(100) 5(83.3) 2(50.0) 12(92.3) only 1 FDS was implanted, 35.7% had 2,
At 3 mo 27 (96.4)  5(100) 6(100)  4(100) 12(92.3) and 7.1% with giant aneurysms had 3
A;r :]2 lmo - 27(964) 5(100)  6(100)  4(100) 12(923)  ppgs.

Ophthalmic complications . . .
pRetinal embolip 5(79) 4(300) 0 0 1077) An'at'omlc configuration accordlgg to
Optic atrophy 3(107) 0 0 3(75.0) 0 the origin of the covered ophthalmic ar-

New clinical symptoms 1(393) 4(80.0) 1(167) 3(75.0)  3(23)) tery was type A in 17.9%, B in 21.4%, Cin
Transient 6(214)  1(20.0) 1(16.7) 1(25.0) 3(23)) 14.3%, and D in 46.4%, with no important
Permanent 5(17.9)  3(60.0) 0 2(50.0) 0 differences among the 4 groups in terms of

Zvalues reported are count (percentage). demographics, aneurysm characteristics,

Other cases had occlusion or slowed blood flow. . . .

or adjunctive use of coils.
side effects. A Topcon 50 IA camera (Topcon, Tokyo, Japan)  Outcomes

coupled with the IMAGEnet Lite (Topcon) digital imaging sys-
tem was used to acquire the images. Mean retinal thickness in
the central foveal area was measured by using optical coher-
ence tomography (Stratus OCT, Version 4.0.1; Carl Zeiss Med-
itec, Dublin, California). To study the retinal nerve fiber layer,
we scanned the optical discs of each patient by optical coher-
ence tomography. For visual field assessment, the 242 central
field SITA Fast program of the Humphrey 750 (Carl Zeiss Med-
itec) was performed.

Clinical Events

Any clinical events appearing in the postoperative course were
noted. A neurologic assessment was performed before the treat-
ment, at discharge, and at follow-up.

Angiographic Follow-Up

Angiographic images obtained immediately after endovascular
treatment were compared with those obtained at each follow-up
examination. Our standard angiographic follow-up protocol con-
sisted of angiography 3—6 months after endovascular treatment
and then 1 year later, by using standard projections and the work-
ing projection for PED placement.

Data Analysis

Continuous variables are expressed as median (range), and qualita-
tive variables, as count (percentage). Baseline characteristics and out-
comes are described according to the OA? classification without sta-
tistical comparisons regarding the study sample size. Data were
analyzed with SAS, Version 9.3 (SAS Institute, Cary, North
Carolina).
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During endovascular treatment, 1 parenchymal embolism occurred
in the territory of the right middle cerebral artery, which was treated
with intra-arterial abciximab without any clinical symptoms at pa-
tient wake-up, as previously reported."”

Follow-up MR imaging, performed in all patients, showed 1
case of territorial parenchymal ischemia in the right frontal
area without clinical symptoms and no case of hemorrhagic
complications. There were no cases of oculomotor nerve com-
pression due to aneurysm thrombosis, and no patients had
optic nerve compression or enlargement of the aneurysm after
FDS implantation.

At follow-up, there was a global aneurysm complete occlusion
rate of 78.6% at 6 months, with no difference according to the
OA? classification. No cases of stent thrombosis were observed,
and there was no intrastent intimal hyperplasia on DSA. No pa-
tients were lost to follow-up.

Ophthalmic artery patency was normal at the end of endovas-
cular treatment in 85.7% of patients (Table 2). We observed 1 case
of ophthalmic artery occlusion in a type B anatomy just after
implantation of 2 FDSs with no ophthalmic symptoms despite an
exhaustive examination and with a normal antegrade flow at
3-month and 1-year follow-ups. We observed 3 cases of ophthal-
mic artery flow slowing just after FDS implantation. At 3-month
and 1-year follow-ups, all except 1 case had a normal antegrade
flow in the covered ophthalmic artery. The only case that was not
angiographically normal was a stenosis at the origin of a type D
ophthalmic artery.

With an extensive ophthalmic examination, 11 patients



FIG 2. lllustrative case for type A. A, Left internal carotid artery angiograms: a and b, 3D angiograms with 2 carotid ophthalmic aneurysms with
the ophthalmic artery originating from the aneurysm. c—e, Angiogram 3 months after flow-diverting stent implantation showing patency of the
ophthalmic artery with a remnant of the upper aneurysm (arrow in e). B, Left eye funduscopic examination showing hyperattenuated embolic
material in a retinal artery of the inferior retina (arrow). C, Explicative schema: a, The flow in the ophthalmic artery is turbulent due to the
aneurysm. b, After placement of an FDS across the aneurysm neck, the turbulent flow is modified and may induce partial thrombosis of the
aneurysm. ¢, The outflow channel that constitutes the ophthalmic artery may be the route for ophthalmic thromboemboli and subsequent

retinal infarcts.

(39.3%) showed new ophthalmic complications: Six had visual
blurring, 4 had visual field defects, and 1 had oculomotor palsy.
New clinical complications were transient or asymptomatic in 6
(2 cases of visual field amputations were asymptomatic but were
observed on visual field examinations). We observed 5 (17.9%)
retinal emboli, all but 1 in type A anatomy, and 3 optic nerve
atrophies in a type C anatomy (Table 2).

DISCUSSION
FDSs offer new opportunities for the treatment of aneurysms,
extending the field of aneurysms eligible for endovascular ap-
proach and increasing long-term occlusion rates."*!'>° They are
considered effective and safe, especially before the level of the
circle of Willis. Our findings support this finding because we ob-
served only 1 case of parenchymal ischemic complication, no clin-
ical symptoms, and 78.6% achieving complete occlusion at
6-month follow-up. However, the complications of FDSs are not
well-known, and it seems important to detect them to understand
their mechanisms and prevent them.

Our results show that coverage of the ophthalmic artery is not
a harmless treatment because 17.9% of patients had permanent
ophthalmic complications. These complications can be mild or
severe, but some are only detected with a complete and extensive

ophthalmic examination, which was not performed in most pre-
vious studies.

Puffer et al'” reported that FDSs over the ophthalmic artery
were clinically well-tolerated, because no patient experienced vi-
sual loss, even though 25% of the ophthalmic arteries covered
with an FDS underwent ophthalmic artery occlusion with time.
Some patients may have no clinical symptoms because of asymp-
tomatic loss of the FOV, which highlights the importance of ex-
tensive ophthalmic examinations to detect retinal ischemia or
subtle deficits.

The arterial flow of the ophthalmic artery, analyzed with DSA,
may not be the only predictor of ophthalmic complications after
coverage of the ophthalmic artery, especially because asymptom-
atic delayed ophthalmic artery thrombosis may be due to the de-
velopment of an important collateral network.'”?" This mecha-

nism is supported by several animal studies,®**

suggesting that in
cases of laminar flow with aspiration effect, due to a high pressure
gradient in the covered side branch, the ophthalmic artery re-
mains patent, but if the pressure gradient is low, as happens with
the ophthalmic artery where an important collateral network de-
velops, flow diversion may be increased and can result in side
branch thrombosis. The aspirative flow mechanism to explain the

patency of covered arteries has been described in a rabbit model
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FIG 3. lllustrative case of type C. A, Right internal carotid artery 3D angiogram showing a carotid ophthalmic aneurysm with the ophthalmic
artery originating from the inner curve of the ICA. B, Three-month ophthalmic examination: g, Right eye fluorescein retinal angiography showing
an arterial flow defect in the upper part of the retina (arrow). b and ¢, Visual field assessment showing a large central scotoma in the right eye.
d and e, Mean retinal thickness in the central foveal area, measured by using optical coherence tomography, proved right optic nerve atrophy

(right eye, 55.03 um; left eye, 100.65 wm).

with coverage of the lumbar arteries; the authors reported excel-
lent patency of small branch arteries covered by the device.'® This
hypothesis, which has been confirmed in clinical practice, is that
continued flow in these arteries permits ongoing patency, whereas
aneurysm cavities, which lack an outflow channel, undergo
thrombosis due to blood stagnation.®?* It may be that this mech-
anism is not exactly applicable to all anatomic configurations; we
therefore classified aneurysms into 4 groups according to the OA®
classification (Fig 1).

In the case of an aneurysm at the origin of the covered side
branches with the ophthalmic artery originating from the aneu-
rysm sac (Fig 1A), the ophthalmic artery has turbulent flow after
crossing the aneurysm rather than a rapid laminar flow. Thus,
after placement of an FDS across the aneurysm neck, the turbu-
lent flow in the aneurysm is modified and may induce partial
thrombosis. Furthermore, the outflow channel that constitutes
the ophthalmic artery may be the route for ophthalmic thrombo-
emboli and subsequent retinal infarcts. Despite the small number
of patients with type A aneurysms in our study (n = 5), we ob-
served small retinal emboli in 80.0% of these cases. The hypo-
thetic mechanism for this is illustrated in Fig 2. It may be that for
these particular cases of a branched artery originating from the
aneurysm sac, it would be necessary to restore a laminar flow in
the branch with coiling before implantation of the FDS, but this
strategy should be tested in animal models or with fluid compu-
tational analysis.
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Another observation of this study is that patients with an oph-
thalmic artery originating in the inner curve of the carotid siphon
(Fig 1C) have high rates of complications. This configuration only
accounted for 14.3% of patients in our series, but 75.0% of them
had new ophthalmic complications. Three of the 4 patients with
type C anatomy presented with optic nerve atrophy, as described
in Fig 3. The hypothesis to explain optic nerve atrophy is ischemia
due to a drastic and rapid reduction of the blood flow in the
ophthalmicartery. This could be explained by the tortuosity of the
carotid siphon and the braided design of the FDS. In the inner part
of a curve, the mesh attenuation of the device is higher than thatin
the outer curve because of tighter packing of the FDS.>*** The
free-cell space is consequently reduced across the origin of the
ophthalmic artery, which leads to a rapid decrease of the inflow of
the vessel.>>** The persistency of an aspirative effect may allow
patency of the ophthalmic artery, but it induces a defect of perfu-
sion. If antegrade inflow by the ophthalmic artery decreases, its
territory is taken over by the collaterals from the external carotid
artery with a competitive flow through anastomosis, but this net-
work develops with time.

In case of acute low perfusion and before any supply by collat-
eral branches from the external carotid system, some territories
vascularized by very tiny branches can be hypoperfused. This hy-
poperfusion might occur for the optic nerve head perfusion,
which is ensured by perforators from short posterior ciliary arter-
ies constituting the Zinn-Haller arterial ring.>>">” These territo-



ries can be injured in case of low flow after resuscitation or surgery
and can cause optic nerve ischemia.”®*° This mechanism of acute
low flow in the ophthalmic artery after implantation of an FDS
with high mesh attenuation over the ophthalmic artery might
explain optic nerve ischemia despite normal angiography find-
ings. A type C aneurysm must be a concern before FDS implan-
tation, and it appears mandatory to strictly adapt the FDS diam-
eter to that of the carotid artery and choose an FDS of larger
diameter to avoid excessive packing and reduce mesh attenuation
in the inner curve.

Our study is limited by the small number of patients with each
OA?Z classification, which lowers its power to identify differences
among each type, and the study sample size is not large enough to
exclude the possibility of confounding factors. However, the data
of this series identify a large tendency for more ophthalmic com-
plications (permanent or definitive) in groups A and C compared
with other anatomy configurations. We did not observe an in-
creased risk of ophthalmic complications related to the number of
overlaid PEDs or in cases of associated coiling (data not shown),
suggesting a real relationship between ophthalmic artery anatomy
and ophthalmologic outcome, which should be confirmed in a
larger population.

Furthermore, this observational study had no control group,
and we did not perform detailed ophthalmic investigations in
carotid-ophthalmic aneurysms treated with other devices or in
the absence of coverage of the ophthalmic artery with the FDS.

Nevertheless, the series of D’Urso et al*°

reported only 1 case of
visual impairment in 126 unruptured paraclinoid aneurysms
treated with coiling, suggesting that coiling (with or without as-
sociated stent) does not carry a high risk of ophthalmic compli-
cations and that the observations reported in our series could be
related to coverage of the ophthalmic artery by the FDS.

Finally, the patency and flow velocity in the ophthalmic artery
were estimated with angiography, which is not the most suitable
tool. Further studies should analyze this flow by using Doppler
sonography, before and after FDS placement, to correlate oph-
thalmic complications with subtle ophthalmic artery flow
variations.

CONCLUSIONS

This prospective study shows that covering the ophthalmic artery
with an FDS is not without potential complications. Ophthalmic
complications are not rare but are usually underdiagnosed. The
anatomic disposition of the ophthalmic artery regarding the ca-
rotid siphon and aneurysms should be clearly understood because
some particular configurations may expose patients to a higher
risk. When not required, covering the ophthalmic artery with an
FDS should be avoided.
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Efficacy of Skull Plain Films in Follow-up Evaluation of Cerebral
Aneurysms Treated with Detachable Coils: Quantitative

ABSTRACT

Assessment of Coil Mass

S.J. Ahn, B.M. Kim, W.S. Jung, and S.H. Suh

%

BACKGROUND AND PURPOSE: Skull plain films of coiled aneurysms have been used in a limited role, including morphologic comparison
of the coil mass. We aimed to evaluate the efficacy of skull plain films in patients treated with detachable coils by using quantitative
assessment.

MATERIALS AND METHODS: In this retrospective study, 78 pairs of the initial and follow-up skull anteroposterior and lateral images were
reviewed independently by 2 neuroradiologists. The largest diameter, the perpendicular diameter, and area of the coil mass were measured
separately on plain film, and quantitative changes of parameters were compared between subgroups, which were determined by con-
sensus, depending on the need for retreatment. Subgroup analysis was also performed according to aneurysm size, packing attenuation,
and ruptured status.

RESULTS: On skull lateral images, mean quantitative changes of the largest diameter (0.53 = 0.43 mm versus 1.17 = 0.91 mm, P < .01), the
perpendicular diameter (0.56 + 0.48 mm versus 1.20  1.05 mm, P < .01), and the area of the coil mass (5.21 + 7.51 mm? versus 10.55 = 10.93
mm?, P < .02) differed significantly between subgroups. Receiver operating characteristic analysis showed quantitative change of the
largest diameter (>1.1mm; sensitivity, 50.0%; specificity, 90.3%), the perpendicular diameter (>.9 mm; sensitivity, 62.5%; specificity, 85.5%),
and the area (>8.5 mm? sensitivity, 50.0%; specificity, 83.9%) on skull lateral films to be indicative of aneurysm recurrence, and the
diagnostic accuracy of these parameters increased significantly in the high-packing-attenuation group.

CONCLUSIONS: Quantitative measurement of the coil mass by using skull plain lateral images has the potential to predict aneurysm
recurrence in follow-up evaluations of intracranial aneurysms with coiling.

ABBREVIATIONS: A,, = area on the anteroposterior view; A ., = area on the lateral view; AP = anteroposterior; L,, = largest diameter of coil mass on the

anteroposterior view; L .= largest diameter on the lateral view; P,, = diameter perpendicular to the L,p; P . = diameter perpendicular to the L,

Endovascular treatment with detachable coils has proved to be a
safe and effective technique for patients with intracranial an-
eurysm."> However, the major drawback is that 14%~33% of
coiled aneurysms may be recanalized due to coil compaction,
which will need retreatment.’”

Therefore, follow-up imaging is essential for patients with
coiled aneurysms. While DSA is still a criterion standard, MRA is
becoming an alternative in follow-up imaging of coiled aneu-
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rysms.*” However, these imaging studies have some disadvan-
tages in reality.>"?

In contrast, skull plain films have been conventional imaging
tools because they are simple, inexpensive, less invasive, and ap-
plicable to every patient under any circumstances. However, the
efficacy of skull plain films has been infrequently reported in the
follow-up imaging of coiled aneurysms,'*'® in which the detailed
methods used for analysis were obscure and their reliability
questionable.

We aimed to evaluate the efficacy of skull plain films as fol-
low-up imaging tools of coiled aneurysms by using quantitative
assessment and to compare the subgroups by clinical parameters.

MATERIALS AND METHODS

Patients

Our institutional review board did not require its approval or
informed consent for this retrospective study. Seventy patients
(18 men, 52 women; age range, 33—75 years; mean age, 53 years)
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with 78 aneurysms (62 unruptured) from the institutional data
base of 312 patients treated with detachable coils from 2005 to
2013 were enrolled in this study.

All treated aneurysms were the saccular type, neither fusiform
nor dissection. The locations of aneurysms were the anterior
communicating artery (n = 3), basilar tip (n = 14), cavernous
ICA (n = 8), distal ICA (n = 46), posterior cerebellar artery (n =
3), superior cerebellar artery (n = 3), and vertebral artery (n = 1).
Aneurysms ranged from 2 to 13 mm, with a mean diameter of 5.3
mm. The mean angiographic follow-up period was 24 months
(range, 12-71 months).

Image Acquisition

Seventy-eight paired skull plain films (156 images of skull antero-
posterior [AP] and lateral views, respectively) were finally in-
cluded. The initial skull plain films, including AP and lateral
views, were obtained within 1 week after completion of coil em-
bolization, and the next ones were obtained once every year dur-
ing the follow-up period.

The skull plain films were obtained in digital radiography with
a flat panel detector system (Digital Diagnost; Philips Healthcare,
Best, Netherlands). The conventional method with the patient in
a sitting position was used for skull plain films,'” in which the
same focus—film distance was used with a constant 70 kV and 400
mA. The diameters and area of coil mass were measured by using
a workstation for the PACS (Centricity PACS; GE Healthcare,
Milwaukee, Wisconsin). The phantom study by using the ra-
diopaque measuring ruler was performed to avoid possible mea-
surement error from the PACS, and the measurement on the
PACS was in good agreement with the ruler.

Cerebral angiographies were performed immediately after coil
embolization and were repeated at 12 and 24 months after the
procedures and were used to confirm the recurrence of the coiled
aneurysm.

Image Analysis

The initial skull plain films were compared with the final ones
obtained during the follow-up period. In cases with retreatment,
the initial ones were compared with the last ones before
retreatment.

Two independent radiologists (W.S.]., S.J.A.) estimated the
largest diameter of the coil mass (L,;) and the diameter perpen-
dicular tothe L (P p) on the skull AP view.'® On the skull lateral
view, the largest diameter (L, ,,) and the diameter perpendicular
totheL,,, (P,,,) were also measured in the same way. In measur-
ing the area of the coil mass, a region of interest was drawn man-
ually along the border of the coil mass on the skull plain films, and
the areas on skull AP (A ,p) and lateral views (A ,,) were automat-
ically calculated from the same image workstation (Figure).
Quantitative change in each parameter was defined as the abso-
lute difference of each parameter measured in the paired skull
plain films.

The size of the aneurysm was defined as the maximal diam-
eter of those measured in 3 planes of 3D DSA images before
coiling. Packing attenuation, which was defined as the percent-
age of aneurysm volume filled with coil mass, was calculated by
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FIGURE. Quantitative measurement of a coiled aneurysm on the
right distal ICA. The largest diameter, perpendicular diameter, and
area of the coil mass are measured on skull AP (A) and lateral (B) views.
The solid line indicates the largest diameter, and the dashed line is the
perpendicular diameter. The area within the solid circle was automat-
ically calculated.

using the software from the Web site AngioCalc (http://www.
angiocalc.com).

Aneurysm recurrence was determined in consensus by 2 neu-
roradiologists (S.H.S., B.M.K.) by comparing the initial and last
angiographies, and patients were divided into 2 groups: 1) Group
A was defined as patients being stable or having minor morpho-
logic changes of coiled aneurysms compared with the initial an-
giographies, and they did not need retreatment. On the follow-up


http://(http://www.angiocalc.com)
http://(http://www.angiocalc.com)

Table 1: Comparison of patient demographics between subgroups®

ware (MedCalc for Windows Version

Group A Aneurysm (n = 62) Group B Aneurysm (n=16) P Value

10.1.2.0; MedCalc Software, Mariakerke,

Sex (female) 49 <. Belgium). A P value < .05 was considered
Age (yr) 53.82* 883 5262 =175 65 to be statistically significant.
Aneurysm size (mm) 510 =235 6.90 =191 <.0®
Packing attenuation (%)° 27.35 = 9.44 (n = 58) 24.01 = 4.68 (n =16) 7 RESULTS
Follow-up (mo) 24.90 +19.95 2043 = 1168 39 The patient demosranhics are summa.
Use of stentd 30 (48.3%) 3(18.7%) 06 nep srap
Ruptured aneurysm¢ 1(17.7%) 5 (31.2%) 09 rized in Table 1, and sex and aneurysm
Initial angiographic result size were significantly different between
Complete 47 (75.8%) 11(68.7%) 92 subgroups (P < .01).
Near-complete 15 (24.2%) 5(313%) 92 In the skull lateral view, quantitative
Incomplete 0

changes of 3 parameters (L, ,, Py, and

2 Unless otherwise indicated, data are presented as mean = SD.
b Statistically significant (P < .05).

© Packing attenuation (%) = (coil volume/aneurysm volume) X %. Seventy-four of 78 cases had the record of packing

attenuation.
9 Data are presented as number of patients.

Table 2: Comparison of quantitative measurements on each skull plain film between

A, ) were significantly different between
subgroups (P < .01, P <.01,and P = .02,
respectively, Table 2), but those of the
skull AP view showed no significant
difference.

subgroups® In receiver operating characteristic
Group A Group B analysis, the diagnostic accuracy of 3 pa-
A(neuréyzs)m A?eurly;.)m VT rameters on the lateral view was higher
n= n= alue .
I, than that on the AP view (Table 3).
image .

Differences in the largest diameter (mm) 0.54 = 0.52 0.81+ 0.57 .07 Among them, .PLat had tb.e blghest accu-
Differences in the perpendicular diameter (mm)  0.36 =0.29  0.47 £ 0.59 30 racy of 0.74 with a sensitivity of 62.5%,
Differences in area (mm?) 282+ 252 512 +9.26 .08 specificity of 85.4%, positive predictive
Lateral image value of 45.4%, and negative predictive
Differences in the largest diameter (mm) 0.53 = 0.43 117 £ 0.91 <o value of 89.2%. Only the accuracy of the

Differences in the perpendicular diameter (mm) ~ 0.56 +0.48 120 =105 <.01® L ) d ) h lue of
Differences in area (mm?) 521+751  10.55=*10.93 02° Ap (area under the curve value of 0.66,

@ Changes in each parameter mean the absolute difference of measurement from each skull view between the initial

and follow-up periods.
b Statistically significant (P < .05).

DSA, this group showed no interval change in the morphology of
the coil mass. 2) Group B was defined as having major morpho-
logic changes of the coil mass, such as significant coil compaction,
contrast filling within the aneurysm sac, and coil loosening, com-
pared with the initial treatment results. Most cases were retreated
surgically or endovascularly.

Statistical Analysis

The interobserver agreement between 2 readers was evaluated by
using the intraclass correlation coefficient,'® and an intraclass
correlation coefficient > 0.75 was considered good agreement.*®

Continuous variables were presented as mean = SD. Quanti-
tative changes in each parameter were compared by using an un-
paired t test between subgroups.

The diagnostic accuracy was measured by using the area under
the receiver operating characteristic curves; and the area values
of the largest diameter, the perpendicular diameter, and area of
the coil mass were calculated in each skull plain film to predict
aneurysm recurrence.

According to the aneurysm size, packing attenuation, use of
stents, and the rupture status, the diagnostic accuracy of param-
eters was compared by using latent binomial alternative free-re-
sponse receiver operating characteristic analysis. While the aneu-
rysm size was subdivided by 5.3 mm of the reference size, the
packing attenuation was classified by 24% of the aneurysm
volume.*

Statistical analysis was performed by using commercial soft-

P = .04) was statistically significant in the
AP view. However, there was no signifi-
cant difference of diagnostic accuracy
among L, p, Lo Prapand A, (P> .05).

While the diagnostic accuracy of L, ,, and P, ,, was dependent

Lat
on high packing attenuation, P, was a significant predictor in
unruptured aneurysms (area under the curve value of 0.820, P <
.05, Table 4). However, the diagnostic accuracy of both parame-
ters was independent of aneurysm size and the use of a stent.
The interobserver agreement in all parameters was excellent
between the 2 readers (intraclass correlation coefficients for L,p,
diameter perpendicular to L,p, L, Py, areas on skull AP, and

A, were 0.98, 0.99, 0.98, 0.99, 0.99, and 0.99, respectively).

DISCUSSION

In this study, all measurement parameters from skull plain lateral
film achieved a feasible diagnostic performance. Quantitative
changes of all parameters from the skull lateral view were signifi-
cantly different between subgroups. In receiver operating charac-
teristic analysis, 2 parameters from the lateral film may help to
detect recanalization of the coiled aneurysms. The reason for this
significant difference between the skull AP and lateral view is not
clear, but we can extrapolate that the latter may be less affected by
the following factors: 1) the direction of the aneurysm projection;
2) the aneurysm shape, such as spheric or ellipsoid; and 3) the
patient position.

Few studies have shown the efficacy of skull plain films in the
detection of aneurysm recurrence in patients with detachable
coils."*'® They focused mainly on the morphologic changes of
coil mass and did not provide the quantitative information for
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Table 3: Analysis of each quantitative parameter on the skull plain films for prediction of aneurysm recurrence®

AP Image Lateral Image
L P A L P A
AUC 0.66(0.55~077)  050(0.38~0.61)  054(04~0.65  0.69(0.58~079)  074(0.62~0.83)  0.66(0.54~0.76)
Sensitivity 56.2(29.9~80.2)  12.5(19~384) 25.0 (7.4~52.4) 50.0 247~753)  625(355~847)  50.0(24.7~753)
Specificity 79.0 (66.8~883)  984(913~997)  903(801~963)  903(801-~963)  85.5(74.2~93.) 83.9(72.3~92.0)
Cutoff value 07 12 6.1 11 0.9 85
P value 04° 99 61 o <.01° .04°

Note:—L indicates largest diameter; P, perpendicular diameter; A, area; AUC, area under the curve.
2 Data in parentheses are 95% confidence intervals.

® Statistically significant (P < .05).

Table 4: Comparison of AUC values between the largest and perpendicular diameter in

skull lateral films*

tic accuracy is not affected by the coil ma-
terials or device assistance, including

AUC stents. 1213
Lateral Image L P P Value® There were some limitations in this

Size study. First, the study design was retro-
<53 mm (n = 38) 076 (0.59~0.88)° 0.82(0.66~0.92)° 55 spective for a small number of cases
=53 mm (n = 40) 0.77 (0.62~0.89)° 0.83(0.68~0.93)° 59 R ’

pDY which might not be enough to draw a
<24% (n = 36) 0.61(0.44~077) 0.64 (0.46~0.79) 72 conclusion in proving the efficacy of skull
=24% (n = 38) 0.79 (0.63~0.90)° 0.89 (0.74~0.96)° .55 plain films. Second, selection bias was in-

st eluctable in this study because only the
(=)(n = 45) 0.69(0.54~0.82)° 0.69(053~0.82)° 96 patients with initial and second follow-up
(+) (n = 33) 0.87 (0.71~0.96 0.88 (0.72~0.96)° 80 ,

Rupture status skull plain films were enrolled. Future
(=) (n = 62) 0.67 (0.53~078) 0.82(0.70~0.91)° .06 prospective study with larger populations
(+)(n =16) 0.76 (0.49~0.93) 0.59(0.32~0.83) 21 across multiple centers is needed.

Note:—PD indicates packing attenuation; (—), coil embolization without stent (in “Stent”), unruptured aneurysm (in

“Rupture status”); (+), stent-assisted coil embolization (in “Stent”), ruptured aneurysm (in “Rupture status”); L, largest

diameter; P, perpendicular diameter; AUC, area under the curve.

2 Data in parentheses are 95% confidence intervals.

® AUC values between both diameters were compared.

< Statistically significant (P < .05).

9 Seventy-four of 78 cases had the record of packing attenuation.

coiled aneurysms. Although Hwang et al'®

first reported the use-
fulness of skull plain films in the prediction of aneurysm recur-
rence, they did not suggest the detailed morphologic criteria.

Connoretal™

reported that morphologic changes of the coil mass
showed an accuracy of 76% in the angiographic evaluation of
aneurysm instability without quantitative information. In our
study, P, and L;,, showed high accuracy (0.74 and 0.69) and
specificity (85.5% and 90.3%) with cutoff values of 0.9 and 1.1
mm, respectively.

Several studies showed that MRA has moderate-to-high diag-
nostic performance for detecting recurrence of coiled aneurysms,
and it is becoming an alternative diagnostic option to invasive
DSA techniques.*' > Cottier et al'> proposed that the diagnostic
performance of skull plain films was less accurate than TOF-
MRA. This study also showed that P; ,, and L, ,, have relatively low
sensitivities (62.5% and 50.0%, respectively), which means that
these parameters might not be appropriate as screening tools.
There are still controversies with regard to size variation in the coil
mass,'*'” in which the instability of aneurysm occlusion depends
mainly on thrombus in the aneurysm and healing of the arterial
wall rather than the morphologic changes of coil mass.>*° Thus,
the diameter variation of the coil mass should be carefully inter-
preted on serial lateral films of the cranium. However, in patients
with claustrophobia, anxiety disorder, or economic hardship,
skull plain films may be a complement to MRA.'®!" Unlike MRA,
the additional advantage of skull plain films is that their diagnos-

340 Ahn  Feb 2015 www.ajnr.org

CONCLUSIONS

Quantitative measurement of the coil
mass by using skull plain lateral film has
the potential to predict aneurysm recur-
rence in the follow-up evaluation of intra-
cranial aneurysms with coiling. Although
a prospective study will be necessary for cost-effectiveness, skull
plain films may be helpful in saving excessive medical expenses
and reducing the radiation dose in patients without quantitative
changes of the coiled mass by serial comparison of the skull plain
films.
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ORIGINAL RESEARCH
INTERVENTIONAL

Parent Artery Curvature Influences Inflow Zone Location of
Unruptured Sidewall Internal Carotid Artery Aneurysms

K. Futami, H. Sano, T. Kitabayashi, K. Misaki, M. Nakada, N. Uchiyama, and F. Ueda

ABSTRACT

BACKGROUND AND PURPOSE: Future aneurysmal behaviors or treatment outcomes of cerebral aneurysms may be related to the
hemodynamics around the inflow zone. Here we investigated the influence of parent artery curvature on the inflow zone location of
unruptured sidewall internal carotid artery aneurysms.

MATERIALS AND METHODS: In 32 aneurysms, the inflow zone location was decided by 4D flow MR imaging, and the radius of the parent
artery curvature was measured in 2D on an en face image of the section plane corresponding to the aneurysm orifice.

RESULTS: The inflow zone was on the distal neck in 10 (group 1, 31.3%), on the lateral side in 19 (group 2, 59.4%), and on the proximal neck
in 3 (group 3, 9.4%) aneurysms. The radius in group 1was significantly larger than that in group 2 (8.3 mm [4.5 mm] versus 4.5 mm [1.9 mm];
median [interquartile range]; P < .0001). All 7 aneurysms with a radius of >8.0 mm were in group 1. All 18 aneurysms with a radius of <6.0
mm were in group 2 or 3. In two group 3 aneurysms, the inflow zone was located in a part of the neck extending beyond the central axis
of the parent artery.

CONCLUSIONS: The inflow zone locations of sidewall aneurysms can be influenced by the parent artery curvature evaluated in 2D on an

en face image of the section plane corresponding to the aneurysm orifice.

ABBREVIATION: IQR = interquartile range

he hemodynamics around the inflow zone of cerebral aneu-
rysms may be a principal cause of growth,'™ bleb formation

resulting in rupture,">>®

and regrowth following clipping sur-
gery or endovascular coiling.” "> These sequelae are possibly re-
lated to the increased wall shear stress on the aneurysmal wall
surrounding the inflow zone.>®'* Therefore, both identification
of the exact location of the inflow zone and evaluation of the
hemodynamics around this area may contribute to predicting fu-
ture aneurysmal behaviors or obtaining good treatment out-
comes."” Previous studies have estimated that neck width and
geometric relationship between an aneurysm and the parent ar-
tery are dominant factors in the determination of the inflow zone
location.™'+16°1°

4D flow MR imaging based on time-resolved 3D cine phase-

contrast MR imaging techniques was recently used to evaluate the
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hemodynamics of cerebral aneurysms®°>* and to identify the in-
flow zone of cerebral aneurysms.'> However, no previous studies
have examined the correlation between the distribution of the
inflow zone on the section plane corresponding to the aneurysm
orifice and aneurysm morphology or the parent artery curvature
in patient-specific imaging analysis, to our knowledge. Here we
investigated the influence of morphologic factors or the parent
artery curvature on the inflow zone location identified by using
4D flow MR imaging in unruptured sidewall ICA aneurysms.

MATERIALS AND METHODS

Materials

This study was approved by the ethics committee of Mattoh-
Ishikawa Central Hospital, and written informed consent was ob-
tained from all patients. Both conventional 3D TOF MRA and 4D
flow MR imaging were performed for 41 sidewall unruptured
saccular ICA aneurysms. The following 9 aneurysms were ex-
cluded from this study: 8 aneurysms that exhibited unstable and
irregular streamline patterns irrelevant to the vascular shape on
4D flow MR images, possibly due to motion artifacts or limita-
tions of spatial resolution; and 1 aneurysm with a complicated
neck configuration for which the section plane corresponding to
the aneurysm orifice could not be determined. Accordingly, this



FIG1. Casel. A 64-year-old woman had an unruptured aneurysm at the medial C2 segment of the right ICA. A, 3D TOF MRA image. B, Image
shows the section plane corresponding to the aneurysm orifice. C, En face image of the section plane. A 4D flow MR image demonstrates the
inflow zone (orange) located on the distal neck and a circle in 2D fitting the central axis of the arterial part developing the aneurysm. The radius
is 71 mm. D, A 4D flow MR image demonstrates a velocity vector map at peak systole.

study included 32 aneurysms (31 patients): Three were located on
the cavernous segment; 3, on the paraclinoid segment; 16, on the
medial C2 segment; and 10, on the bifurcation of the ICA and the
posterior communicating artery. The maximum mean diameters
of the aneurysms and the neck were 5.1 = 1.7 mm (range, 2.6—
10.7 mm) and 4.4 = 1.3 mm (range, 2.1-7.8 mm), respectively.

MR Imaging

MR imaging was performed by a 1.5T MR imaging scanner (Mag-
netom Avanto; Siemens, Erlangen, Germany) with an 8-channel
head array coil. The imaging parameters for 3D TOF MRA were as
follows: TR/TE/NEX, 35/7.15 ms/average 1; flip angle, 22° FOV,
150 X 123 mm; z-coverage, 45.6 mm; thickness, 0.6-mm; 3 slabs;
30 sections/slab; slab interval, —4.2 mm; matrix, 256 X 168
(512 X 336 with zero-filling interpolation processing); voxel size,
0.59 X 0.73 X 0.6 mm (0.295 X 0.365 X 0.6 mm with zero-
filling); band width, 87 Hz/pixel; imaging time, 4 minutes 53 sec-
onds; transaxial direction. For conventional 3D TOF MRA, vas-
cular structures were constructed by using a volume-rendering
method. The imaging parameters for 4D flow MR imaging were as
follows: TR/TE/NEX, 33.05/5.63 ms/average 1; flip angle, 22°%
FOV, 200 X 200 mm; 0.8-mm thickness; 1 slab; 24-26 sections/

slab; z-coverage, 19.2 mm; matrix, 192 X 192; no interpolation
processing; voxel size, 1.04 X 1.04 X 0.8 mm; velocity encoding,
80 cm/s; band width, 434 Hz/pixel; parallel imaging with reduc-
tion factor, 2; imaging time, 2-30 minutes depending on each
patient’s heart rate; transaxial direction; retrospective gating with
an electrocardiogram; 20 phases.

We used a commercially available software (Flova II, Version
2.9.5; Rtech, Hamamatsu, Japan) to visualize the vascular geom-
etry and spatially registered blood flow. The vascular structures
were segmented by using the region-growing method,* and vas-
cular shapes were created by using the “marching cubes”
method.?® The 3D datasets were converted to pixel datasets at a
spatial resolution of 0.5 X 0.5 X 0.5 mm. The inflow zone was
defined as the orifice area where components vertical to the sec-
tion plane of the inflow vectors exceeding 60% of the maximum
inflow velocity at peak systole were depicted on a 4D flow MR
image. Using a function of the software, we selected this 60%
range to avoid both an opaque depiction on the higher range and
an exceeding expansion of the inflow zone area on the lower
range, because they make it difficult to classify the inflow zone
location in each case. Three of the authors (K.F., M.N., and F.U.)
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Aneurysm parameters: correlations between groups 1and 2 and between group 1and the other 2 groups®

P Value
Parameters Group 1(n =10) Group 2 (n=19) Group 3 (n=3) Group 1vs 2 Group 1vs Others
MD 46(17) 5.1(2.5) 37(0.5) 491(NS) 714 (NS)
ND 43(12) 42 (1.5) 4.0(07) 818 (NS) 855 (NS)
MD/ND ratio 11(0.1) 12(0.4) 0.9(0.0) 383(NS) 745 (NS)
Maximum perpendicular height 34(0.7) 43(2.6) 3.4(0.3) 190 (NS) 318 (NS)
Aspect ratio 1.1(0.) 1.2(0.4) 0.7(0.2) 136 (NS) 255 (NS)
Maximum height 39(0.9) 44(25) 34(03) 291(NS) 555 (NS)
Size ratio 11(0.1) 14(0.6) 0.8(0.3) 598 (NS) 440 (NS)
Neck width 3.4(0.6) 3.5(1.5) 23(0.3) .335(NS) 699 (NS)
Maximum-orifice ratio 11(0.3) 1.2(0.6) 12(0.2) .568 (NS) .502 (NS)
Width-orifice ratio 0.8(0.2) 10(0.4) 0.6(0.3) 215 (NS) 350 (NS)
Radius of curvature 8.3(4.5) 4.5(1.9) 5.0(0.3) <.0001(S) <.0001(S)

Note:—S indicates significant; NS, not significant by the comparison test adjusted for the P value; MD, maximum diameter; ND, neck diameter.
2 Data are median (interquartile range). Units of parameters except for ratios are mm.

who have >15 years’ experience in evaluating cerebral aneurysms
on 3D TOF MRA images determined the window width and level
of all the datasets and selected the section plane of the aneurysm
orifice by consensus.

Using a function of a widely used software package (Keynote
’09, Version 5.3; Apple, Cupertino, California), we drew a circle in
2D fitting the central axis of the parent artery segment that was
developing the aneurysm on an en face image of the section plane
corresponding to the orifice (Fig 1C). On the image, the circle to
fit the midpoints of the parent artery width at both the proximal
and distal ends of the aneurysm neck was selected. The radius of
the curvature was measured on the image by comparison of the
radius length of the circle with the length between 2 arbitrary
points of which the actual length had been measured beforehand
by using a function of Flova II. The radius of the curvature in this
study is defined as the radius of the circle. Drawing the circle and
measuring the radius were also performed on the basis of the
consensus of 3 of the authors (K.F., M.N., and F.U.).

Data Analysis

According to the positional relationship to the central axis of the
parent artery, we classified the locations of the inflow zones of
cerebral aneurysms into the following 3 locations: distal neck,
lateral side of the neck, and proximal neck. We investigated the
correlation of the radius to the inflow zone location. We also
compared the inflow zone location with respect to morphologic
parameters, including the maximum diameters of the aneurysm
and its neck, maximum perpendicular height, maximum height,
aspect ratio, and aneurysm size ratio.>”>° These parameters were
measured on conventional 3D TOF MRA.

Moreover, to clarify the correlation between neck size and in-
flow zone location, we measured the maximum orifice ratio ob-
tained by the maximum neck diameter divided by the parent ar-
tery diameter and the width orifice ratio obtained by the
maximum neck width divided by the parent artery diameter. The
maximum neck width was measured on the direction perpendic-
ular to the axis of the parent artery. Each numeric value of the
various parameters was determined as the mean of the nearest 2
values independently estimated by the 3 readers.

Statistical analysis was performed by using the Mann-Whitney
U test for continuous variables. P values < .05 were significant.
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FIG 2. The distribution of the radius of the parent artery curvature
measured in 2D on an en face image of the section plane correspond-
ing to the orifice in group 1, 2, and 3 aneurysms. Group 1, 2, and 3
aneurysms have inflow zone locations on the distal neck, lateral side
of the neck, and proximal neck, respectively. The radius in group Tis
significantly larger than that in group 2 (asterisk 1: 8.3 mm, median;
interquartile range, 4.5 mm; versus 4.5 mm, median; IQR, 1.9 mm; P <
.0001) or those in groups 2 and 3 (asterisk 2: 8.3 mm, median; IQR, 4.5
mm; versus 5.0 mm, median; IQR, 1.4 mm; P < .0001).

RESULTS

Of 32 sidewall aneurysms, 4D flow MR imaging revealed that
the inflow zone location was the distal neck in 10 (group 1,
31.3%), the lateral side of the neck in 19 (group 2, 59.4%), and
the proximal neck in 3 (group 3, 9.4%). Between groups 1 and
2 and between group 1 and the other 2 groups, there was no
significant difference with respect to morphologic parameters,
including the maximum and width orifice ratios (Table). Fig-
ure 2 shows the distribution of the radius in the aneurysms by
group. The radius was 8.3 mm (median; IQR, 4.5 mm), 4.5 mm



FIG 3. Case 2. An 80-year-old man had an unruptured aneurysm at the lateral C3 segment of the right ICA. A, A 3D TOF MRA image. B, Image
shows the section plane corresponding to the aneurysm orifice. C, En face image of the section plane. A 4D flow MR image demonstrates the
inflow zone (bright yellow) located on the lateral side of the neck and a circle in 2D fitting the central axis of the arterial part developing the
aneurysm. The radius is 3.8 mm. D, A 4D flow MR image demonstrates a velocity vector map at peak systole, revealing that high-velocity vector
components continue along the external side of the parent artery curvature.

(median; IQR, 1.9 mm), and 5.0 mm (median; IQR, 0.3 mm) in
groups 1-3, respectively. The radius in group 1 was signifi-
cantly larger than that in group 2 (P < .0001) and that in
groups 2 and 3 (8.3 mm [median; IQR, 4.5 mm] versus 5.0 mm
[median; IQR, 1.4 mm], P < .0001).

All 7 aneurysms with a radius of >8.0 mm were group 1 an-
eurysms. On the other hand, all 18 aneurysms with a radius of
<6.0 mm were in group 2 or 3. In 2 of 3 group 3 aneurysms, the
inflow zone was located in a part of the neck extending beyond the
central axis of the parent artery.

Case Presentation

Casel. A 64-year-old woman presented with an unruptured an-
eurysm at the medial C2 segment of the right ICA. Its maximum
diameter and maximum neck diameter were 5.5 and 4.3 mm,
respectively (Fig 1A). The inflow zone was located on the distal
neck (Fig 1C). The radius was 7.1 mm. A velocity vector map at
peak systole revealed that high-velocity vector components came
from the internal side of the curvature of the proximal parent
artery and went around the central axis of the arterial part devel-
oping the aneurysm (Fig 1D).

Case 2. An 80-year-old man presented with an unruptured an-
eurysm at the lateral C3 segment of the right ICA. Its maximum
diameter and maximum neck diameter were 5.6 and 4.1 mm,
respectively (Fig 3A). The inflow zone was located on the lateral
side of the neck (Fig 3C). The radius was 3.8 mm. A velocity vector
map at peak systole revealed that high-velocity vector compo-
nents continued along the external side of the parent artery cur-
vature (Fig 3D).

Case3. A73-year-old man presented with an unruptured aneurysm
at the medial C2 segment of the right ICA. Its maximum diameter
and maximum neck diameter were 4.6 and 5.0 mm, respectively (Fig
4A). The inflow zone was located in a part of the proximal neck that
extended beyond the central axis of the parent artery (Fig 4C). The
radius was 4.9 mm. A velocity vector map at peak systole revealed that
high-velocity vector components continued along the external side
of the parent artery curvature (Fig 4D).

DISCUSSION
The exact inflow zone location of sidewall aneurysms remains

controversial.'>»!>1%%32 Previous studies have recognized that
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FIG 4. Case 3. A 73-year-old man had an unruptured aneurysm at the medial C2 segment of the right ICA. A, A 3D TOF MRA image. B, Image
shows the section plane corresponding to the aneurysm orifice. C, En face image of the section plane. A 4D flow MR image demonstrates the
inflow zone (orange) located in a part of the proximal neck extending beyond the central axis of the parent artery and a circle in 2D fitting the
central axis of the arterial part developing the aneurysm. The radius is 4.9 mm. D, A 4D flow MR image demonstrates a velocity vector map at
peak systole revealing that high-velocity vector components continue along the external side of the parent artery.

the inflow zone of sidewall aneurysms is consistently on the distal
neck.’**! In contrast, Szikora et al*® reported that the inflow zone
could be on the proximal neck in most sidewall aneurysms with a
wide neck. Sforza et al’* classified the locations of the inflow zones
into the distal neck, side of the neck, and proximal neck by com-
putational fluid dynamics analysis by using patient-specific mod-
els. However, they did not clarify the incidence of aneurysms in
each location of the inflow zone and the factors for determining
the location.?® Using 4D flow MR imaging, we recently reported
that the inflow zone was not located on the distal neck in 25% of
sidewall aneul’ysms.15 In this study, we defined the locations of
the inflow zones more precisely by investigating the correlation
between inflow zone location and parent artery central axis on the
en face image of the section plane of the aneurysm orifice by using
4D flow MR imaging. Consequently, the inflow zone was located
on the distal neck in 31.3%, the lateral side of the neck in 59.4%,
and the proximal neck in 9.4% of unruptured sidewall ICA
aneurysms.

Computational fluid dynamics analysis by using idealized
models demonstrated that the parent artery curvature more
closely influenced the inflow zone location than did aneurysm
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1% revealed that

shape or size.>*'®??° Imai et al'® and Sato et a
the inflow zone was on the distal neck when idealized aneurysms
were located inside or outside the parent artery curvature and that
the inflow zone was on the outer side of the curvature when the
aneurysms were located lateral to the same curvature. Their ob-
servations indicated that the parent artery curvature evaluated in
2D on an en face image of the section plane corresponding to the
aneurysm orifice may influence the inflow zone location.

In this study, the radius in group 1 (the inflow zone located on
the distal neck) was significantly larger than that in group 2 (the
lateral side of the neck) or in groups 2 and 3 (the proximal neck).
These results indicate that the parent artery curvature on an en
face image of the section plane corresponding to the aneurysm
orifice influences the inflow zone locations of the sidewall aneu-
rysms. As shown in Fig 3D, in aneurysms with a small radius, the
main flow in the vessel cavity is shifted to the lateral side of the
artery by the centrifugal effect, resulting in the lateral side inflow
zone location in group 2 aneurysms. All 7 aneurysms with a radius
of >8.0 mm of the parent artery curvature in this study were in
group 1. Aneurysms with a radius of >8.0 mm on 3D TOF MRA
can be determined to be on the distal neck without the need for



additional 4D flow MR imaging. These findings can help future
investigators or clinicians infer the inflow zone location by using
vascular curvature without having to perform flow imaging as in
this study.

Szikora et al'®

reported the possibility that neck size influ-
ences the inflow zone location and that in most sidewall aneu-
rysms with a wide neck, the inflow zone could be in the prox-
imal neck. In this study, we investigated the correlation
between both the maximum and the width orifice ratios and
the inflow zone location. However, there were no significant
1>> demonstrated that the
inflow zone location was not dependent on the aneurysm

correlations. In addition, Sato et a

shape by computational fluid dynamics analysis by using ide-
alized models. Likewise, the morphologic parameters in this
study did not influence the inflow zone location. In 2 of 3
aneurysms with an inflow zone on the proximal neck, the in-
flow zone was located in a part of the neck extending beyond
the central axis of the parent artery. This specific neck shape
and the centrifugal effect of the blood flow in the vessel may
cause the inflow zone to be on the proximal neck.

This study has some limitations. 4D flow MR imaging re-
quires an imaging time of 20—30 minutes for each patient. This
relatively long time can result in motion artifacts. In addition,
4D flow MR imaging may have the limitation of spatial reso-
lution.'>?? These disadvantages can cause unstable and irreg-
ular streamline patterns irrelevant to the vascular shape on 4D
flow MR images. High-resolution MR imaging at >3T may
decrease these artifacts.”>*° Here we investigated the correla-
tion between inflow zone location and the curvature of the
arterial part of developing aneurysms evaluated in 2D on an en
face image of the section plane corresponding to the aneurysm
orifice. However, the parent artery curvature proximal to the
aneurysms can also influence the location of the main flow
stream in the vessel cavity and the inflow zone.?>?> Further
studies are needed to clarify the influence of the 3D parent
artery curvature on the inflow zone location.

CONCLUSIONS

The inflow zone locations of sidewall aneurysms can be influ-
enced by parent artery curvature evaluated in 2D on an en face
image of the section plane corresponding to the aneurysm orifice.
The inflow zone of all aneurysms with a radius of >8.0 mm was
located on the distal neck, while that of all aneurysms with a radius
of <6.0 mm was located on the lateral side of the neck or the
proximal neck.
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ORIGINAL RESEARCH
EXTRACRANIAL VASCULAR

CT Angiographic Features of Symptom-Producing Plaque in
Moderate-Grade Carotid Artery Stenosis

A. Gupta, E.E. Mtui, H. Baradaran, G. Salama, A. Pandya, H. Kamel, A. Giambrone, and P.C. Sanelli

ABSTRACT

BACKGROUND AND PURPOSE: Emerging evidence indicates that plaque imaging can improve stroke risk stratification in patients with
carotid artery atherosclerosis. We studied the association between soft and hard (calcified) plaque thickness measurements on CTA and
symptomatic disease status (ipsilateral stroke or TIA) in patients with moderate-grade carotid artery stenosis.

MATERIALS AND METHODS: We measured soft-plaque and hard-plaque thickness on CTA axial source images in each carotid artery
plaque in subjects with NASCET 50%—69% ICA stenosis. We used logistic regression and receiver operating characteristic analyses to assess
the strength of the association between thickness measurements and prior stroke or TIA.

RESULTS: Twenty of 72 vessels studied (27.7%) had ischemic symptom:s ipsilateral to the side of moderate-grade carotid stenosis. Each
T-mm increase in soft plaque resulted in a 3.7 times greater odds of a prior ipsilateral ischemic event (95% Cl, 1.9-7.2). Conversely, for each
I-mm increase in hard plaque, the odds of being symptomatic decreased by approximately 80% (OR, 0.22; 95% Cl, 0.10%—0.48%). Receiver
operating characteristic analysis showed an area under the curve of 0.88 by using soft-plaque thickness measurements to discriminate
between asymptomatic and symptomatic plaques. Sensitivity and specificity were optimized by using a maximum soft-plaque thickness of
2.2 mm, which provided a sensitivity of 85% and a specificity of 83%.

CONCLUSIONS: Simple CTA plaque-thickness measurements might differentiate symptomatic and asymptomatic moderate-grade ca-
rotid artery plaque. With further prospective validation, CTA plaque measures could function as an easily implementable tool for risk

stratification in carotid artery disease.

ABBREVIATIONS: AUC = area under the curve; ROC = receiver operating characteristic

Moderate—grade carotid artery stenosis is a risk factor for
stroke, with pooled analysis from randomized controlled
trials, including the European Carotid Surgery Trial, NASCET,
and Veterans Affairs Symptomatic Trial, suggesting that unoper-
ated patients with moderate-grade stenosis face up to a 20%
5-year risk of stroke.! Data pooled from these randomized con-
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trolled trials have also shown a modest stroke-risk-reduction ben-
efit from carotid endarterectomy in patients with 50%—69% ex-
tracranial ICA stenosis.! However, the validity of these data has
been questioned in the years since these trials were performed
secondary to recent improvements in medical therapy, which
have substantially reduced annual stroke rates in patients with
carotid disease.”” Consequently, there has been significant recent
effort to develop new imaging markers that can identify patients
with carotid artery disease at highest risk for stroke beyond lumi-
nal-diameter stenosis measurements.

The 2 main pathophysiologic mechanisms underlying stroke
risk in carotid artery disease are the propensity of plaque to locally
embolize®® and downstream hemodynamic compromise (low
flow).**” Although hypoperfusion and resultant slow flow from
carotid disease likely play a role in a subset of strokes occurring in
carotid stenosis, plaque instability causing distal embolus may be
a relatively more influential etiologic factor for stroke in carotid
disease in general.® Although multisequence MR imaging charac-
terization of plaque has allowed the in vivo discrimination of

9-11

high-risk plaque tissue elements,” " " its use in clinical practice has
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been limited, given the time, expense, and challenge of performing
multisequence carotid plaque MR imaging by using a dedicated ca-
rotid coil. CTA-based measurements of soft and hard (calcified)
plaque determined on axial CTA source images have recently been
proposed as potential simple alternative markers of vulnerable
plaque in high-grade ICA stenosis.'*'> Because plaque volumes are
relatively smaller in moderate-grade stenosis, it is unclear to what
extent such techniques are capable of identifying symptom-produc-
ing plaque in this group of patients in whom optimal treatment
guidelines are controversial. Therefore, we used a cross-sectional
study design to assess the association between plaque thickness mea-
surements obtained from neck CTA and previous stroke or TIA in
patients with moderate-grade ICA stenosis.

MATERIALS AND METHODS

Subjects

This study was approved by the Human Subjects Institutional Re-
view Board of our institution. We performed a retrospective study
with a cross-sectional design by analyzing all CTA neck studies from
our institution performed from May 2011 through March 2014. We
applied the following inclusion criteria to determine our final cohort:
1) moderate-grade (50%—69%) extracranial internal carotid artery
stenosis as measured on CTA neck examination; 2) adequate docu-
mentation in the electronic medical records to determine whether
stroke or TIA had occurred before CTA, including review of brain
MR imaging or CT;and 3) detailed medical record documentation of
pre-existing vascular risk factors. We screened for eligible subjects for
study inclusion if the clinical radiology report described a stenosis
between 50% and 69%. We excluded nondiagnostic cases in which a
NASCET-style carotid artery stenosis measurement could not be
provided during the initial clinical interpretation secondary to signif-
icant motion artifacts or suboptimal contrast enhancement of the
arterial vasculature.

Imaging Technique

The CTA neck examinations in this study were performed by using a
standardized clinical protocol on one of several scanners at our im-
aging sites including LightSpeed Pro-16 or HD-750 (GE Healthcare,
Milwaukee, Wisconsin). CT was performed in a helical mode with
coverage extending from the aortic arch to the C1 ring. Collimation
was performed at 0.625 mm, with a kV(peak) of 120, auto-milliam-
pere, and a rotation time of 0.5 seconds. Approximately 90 mL of
nonionic iodinated contrast was administered to each patient via an
18-ga peripheral IV catheter at 4-5 mL/s by using a power injector
and a SmartPrep software (GE Healthcare) region of interest on the
aortic arch. In addition, maximum-intensity-projection reconstruc-
tions (8-mm thickness with 2-mm intervals) in both sagittal and
coronal images were constructed as part of this protocol. To simulate
clinical practice imaging conditions, we included, in our analysis, all
studies with image quality sufficient to provide clinical interpretation
at the time of original image acquisition.

Image Analysis

The details for CTA neck image analysis were adapted from a
previously reported method.'>'? Briefly, a board-certified neuro-
radiologist analyzed axial source images from the CTA examina-
tion and recorded 3 measurements for each carotid artery: 1)

350 Gupta Feb 2015 www.ajnr.org

FIG 1. Representative magnified axial CTA image of the proximal in-
ternal carotid artery in a patient with predominantly soft plaque. The
asterisk represents the residual patent ICA lumen. The white calipers
represent maximum linear soft-plaque thickness, and black calipers
represent maximum hard-plaque thickness measurements.

FIG 2. Representative magnified axial CTA image of the proximal in-
ternal carotid artery in a patient with predominantly calcified plaque.
The asterisk represents the residual patent ICA lumen. The white
calipers represent maximum linear soft-plaque thickness, and black
calipers represent maximum hard-plaque thickness measurements.

NASCET stenosis measurements by using the normal distal ICA
as the denominator for stenosis calculation; 2) maximum thick-
ness of the noncalcified, soft-plaque component on the single
axial section on which luminal diameter stenosis was greatest; and
3) maximum thickness of the calcified, hard-plaque component
on the same single axial section on which luminal-diameter ste-
nosis was greatest (see representative measurements in Figs 1 and
2). Plaques that were partially calcified and partially soft in atten-
uation had both maximum thickness measurements taken on the
same single-axial section with the greatest luminal stenosis. These
linear measurements were obtained by using the electronic caliper
function of Centricity PACS (GE Healthcare), which allows mea-
surements with a spatial resolution to 0.1 mm. Although the re-
ported NASCET percentage stenosis in the existing clinical radi-
ology report was used to screen for eligibility, all NASCET
measurements used in the analysis of the included cohort were
remeasured by a study investigator blinded to all clinical data to
ensure strict compliance with NASCET methodology.'*'> These
repeat study measurements were performed with care to avoid
distal luminal denominator measurements in near-occlusion,



Table 1: Cohort demographics and risk-factor differences between main study groups®

stenosis percentage, sex, age, and any co-

Asymptomatic Symptomatic variate risk factors found to be statisti-
(n=52) (n =20) PValue  ally significant (P < .05) in univariate
Demographic analyses. The ratio of soft-to-hard
Age (yr) 741%98 742 =116 9786 plaque was also analyzed. Receiver oper-
Male 52% (27) 70% (14) 1653 . o
cT ating characteristic (ROC) analyses were
Stenosis 59.0 + 3.4% 56.6 + 61% 1780 also performed for each CTA imaging
Cardiovascular risk factors feature (hard plaque, soft plaque, and
Smoking hfStOFY 62% (32) 45% (9) 2043 ratio measurements), and optimum cut-
Hy, pert.ermon- 90% (47) 80% (16) 2327 offs were calculated for the plaque mea-
Hyperlipidemia 73% (38) 65% (13) 4994 .
Diabetes 25% (13) 20% (4) 7640 surement shown to have the highest area
Coronary artery disease 54% (28) 35% (7) 1518 under the curve (AUC) for the detection
Atrial fibrillation 23% (12) 40% (8) 1518 of symptomatic plaque. We also calcu-
CTA imaging markers - lated operating characteristics of each
Max hard-plaque th|ckness (mm) 269 £1.04 119 £ 0.92 <.0001 plaque thickness measurement, includ-
Max soft-plaque thickness (mm) 141 £ 0.97 345 =154 <.0001 . . fici ..
Ratio soft-/hard-plaque thickness 0.62 = .57 273 1195 <.0001 Ing sensitivity, specificity, positive pre-

Note:—Max indicates maximum.

#Mean values are shown with number of subjects shown in parentheses and SDs shown after = signs.

which could incorrectly underestimate stenosis severity. In addi-
tion, in cases without near-occlusion, all distal luminal denomi-
nator measurements were obtained distal to the tapering carotid
bulb in the segment of the extracranial ICA distal to parallel walls.

All measurements were obtained on source axial sections
without additional postprocessing. We used these standard axial
images instead of orthogonal reconstructions so that we could
simulate routinely used clinical imaging protocols and also be-
cause excellent agreement between axial and orthogonal plaque
element thickness measurements were previously found by using
this technique.'> We performed our analysis with window/level
settings at approximately 800/200 with small adjustments made
manually to optimize discrimination between soft and hard
plaque. A second neuroradiologist with prior experience using
this technique repeated thickness measurements on a subset of 20
subjects to assess measurement reproducibility.

Clinical Data Assessment

The history of ipsilateral TIA or stroke and pre-existing vascular
risk factors were determined by a consensus of 2 study investiga-
tors after a detailed examination of the electronic medical record,
with any disagreements in assessment resolved by consensus. All
clinical data were determined blinded to CTA imaging analysis.
We used American Heart Association definitions of TIA and
stroke,'® with stroke and TIA defined as a permanent or transient
episode, respectively, of neurologic dysfunction caused by focal
brain or retinal ischemia. We classified stroke or TIA as being
symptomatic disease only when events were referable to the ste-
notic ICA. We also recorded the days between qualifying ipsilat-
eral ischemic events and CTA and the presence of a smoking his-
tory, diabetes (a hemoglobin AIC of >6.5% or on diabetic
medication), hypertension (blood pressure of >140/90 mm Hg or
on antihypertensive medication), atrial fibrillation, hyperlipid-
emia (LDL of >100 or on statins), and coronary artery disease.

Statistical Analysis

Multivariate logistic regression analysis was used to examine the
association between each 1-mm increase in plaque-thickness
measure and symptomatic disease status while adjusting for exact

dictive value, and negative predictive
value. An optimal cutoff for the plaque
measurement shown to have the highest
AUC was also calculated. All statistical analyses were performed
by using SAS 9.3 (SAS Institute, Cary, North Carolina).

RESULTS

Subject Characteristics

We screened 1376 patients and arrived at our final cohort of 68
subjects after excluding subjects who did not meet inclusion cri-
teria. Four subjects with bilateral moderate-grade stenosis were
included, resulting in 72 vessels eligible for analysis. Clinical indi-
cations for CTA included suspicion of an acute ischemic event
in 32 subjects (47.1%), routine imaging for known carotid
stenosis in 20 subjects (29.4%), work-up of abnormal findings
on carotid sonography in 7 subjects (10.3%), altered mental
status in 3 subjects (4.4%), neck pain in 2 subjects (2.9%),
follow-up for a history of contralateral carotid endarterectomy
in 2 subjects (2.9%), and follow-up for intracranial aneurysm
in 2 subjects (2.9%).

Twenty of 72 vessels studied (27.7%) had ischemic symptoms
ipsilateral to the side of moderate-grade carotid stenosis. Among
the cerebrovascular events that had occurred, 19/20 occurred
within 1 month of the CTA examination. Of the total events, 16
were ipsilateral strokes that occurred a median of 0 days before
CTA (range, 0—621 days), while 4 were ipsilateral TTAs that oc-
curred a median of 2.5 days before CTA (range, 0—16 days). All 20
patients with ischemic symptoms ipsilateral to the side of moder-
ate-grade stenosis had imaging confirmation with either CT or
MR which showed an infarct in all 16 patients with stroke and no
evidence of infarct in the 4 subjects with TIA. Patient cohort char-
acteristics are shown in Table 1. Vascular risk factors were not
significantly different between groups.

CTA Plaque Imaging Results

Mean soft-plaque thickness was significantly higher in subjects
with symptomatic disease, while mean hard-plaque thickness was
significantly higher in asymptomatic subjects (Table 1). We found
that each 1-mm increase in mean soft-plaque thickness was asso-
ciated with a ~3.7 times greater likelihood of prior stroke or TTIA
(P =.0001), after adjusting for age, exact percentage stenosis, and
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Table 2: Univariate and multivariate logistic regression odds ratios associating plaque characteristics with symptomatic carotid disease

Univariate Logistic

Adjusted Logistic Difference in Univariate

Regression Regression® and Adjusted AUC
Predictors of Interest OR 95% ClI AUC PValue OR 95% ClI AUC P Value P Value
Max hard-plaque thickness (mm) 022 010-047  0.85 0001 022 010-048 087 .0001 .5205
Max soft-plaque thickness (mm) 398 2.02-7.81 0.87 <<.0001 373 192-7.24 0.88 <<.0001 .6193
Ratio soft-/hard-plaque thickness  6.40 2.44-16.80 0.87 0002 612 234-16.02 0.86 .0002 7146

Note:—Max indicates maximum.
2 Adjusted for age, stenosis (NASCET), and sex.

FIG 3. Receiver operating characteristic curves for maximum soft-plaque thickness (A) and max-

imum hard-plaque thickness (B).

sex (Table 2). Each 1-mm increase in hard-plaque thickness de-
creased the odds of having had a prior ipsilateral stroke or TIA by
approximately 80% (OR = 0.22, P = .0001). The ratio between
soft- and hard-plaque thickness was similarly predictive of symp-
tomatic disease. Given the single outlier ischemic event occurring
>30 days before CTA imaging (a stroke in 1 subject 621 days before
CTA), in a post hoc sensitivity analysis excluding this subject, hard-
and soft-plaque thickness adjusted—-ORs were not significantly
changed at 0.22 and 3.77, respectively. We calculated interreader cor-
relation coefficients of 0.97 and 0.96 for soft- and hard-plaque thick-

ness measurements, respectively, consistent with prior reports.'>"?

Diagnostic Accuracy Measures

In our ROC analysis adjusted for age, sex, and stenosis severity,
soft-plaque thickness measures provided the greatest AUC (0.88)
(Table 2 and Fig 3). Sensitivity and specificity were optimized by
using a maximum soft-plaque thickness of 2.2 mm, which pro-
vided a sensitivity of 85%, specificity of 83%, positive predictive
value of 65%, and negative predictive value of 93%. Hard-plaque
thickness measurements provided a similar AUC of 0.87. Sensi-
tivity and specificity were optimized by using a maximum hard-
plaque thickness measurement of 1.9 mm, which provided a sen-
sitivity of 75%, specificity of 85%, positive predictive value of
93%, and negative predictive value of 57%.

DISCUSSION

Using a simple and reproducible plaque measurement on CTA,
we found a strong association between increasing soft-plaque
thickness measurements and symptomatic carotid artery plaques.
Previous studies have shown that CTA plaque thickness measures
can predict high-risk plaque as defined on correlative MR imag-
ing'? or symptomatic plaque in high-grade stenosis.'” In the cur-
rent study, we found that such CTA plaque measures can differ-
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entiate asymptomatic and symptomatic
carotid plaques despite the relatively
smaller volume of plaque and lower ab-
solute stroke risk present in moderate-
grade stenosis. Moreover, we found no
significant differences in traditional vas-
cular risk factors in the asymptomatic
and symptomatic groups, suggesting
that plaque thickness measurements
may be able to discriminate high-risk
and stable plaque more accurately than
clinical factors. This is the first report, to
our knowledge, applying this CTA tech-
nique to patients with a tightly defined
and clinically relevant NASCET stenosis
category of 50%—69%. Although the ab-
solute annual risk of stroke is lower in moderate-grade compared
with high-grade carotid artery stenosis, the prevalence of 50%-—
69% stenosis is approximately 3 times higher in the general pop-
ulation'”; therefore, the total population-based stroke risk attrib-
utable to moderate stenosis is substantial.

Although there are studies using alternative CTA imaging
strategies to assess unstable or vulnerable carotid plaque, we be-
lieve that the technique we used has 3 significant advantages over
previously studied CTA techniques. First, plaque thickness mea-
surements require no additional postprocessing, unlike some

prior methods'®*?

that have required customized postprocessing
software not routinely available or widely used in clinical practice.
Similarly, the technique used in our study does not require the
measurement of Hounsfield units, which have been shown to be
poor discriminators among specific plaque elements, given over-
lapping attenuation of in vivo atherosclerotic plaque components
such as hemorrhage, fibrosis, and lipids.***' Second, plaque
thickness measurements do not require additional imaging acqui-
sitions to be obtained as part of the CTA examination. Romero et
al,?? for example, showed a correlation between arterial wall en-
hancement and symptomatic plaque, but their approach necessi-
tated a noncontrast CT of the neck, an acquisition that is not part
of most CTA neck studies. Third, plaque thickness measurements
are highly reproducible, as evidenced by the excellent interob-
server correlation coefficients we and others have found.'* Al-
though assessment of plaque morphology such as ulceration on
CTA has been proposed as a high-risk plaque marker,*>** the
technique used in our study may be more desirable to implement
in routine clinical image interpretation because it is less prone to
observer subjectivity.

The mechanism underlying increased risk of symptomatic dis-
ease in carotid atheroma with greater soft plaque is not entirely



understood but is likely related to the low attenuation of high-risk
elements of atherosclerosis, including a lipid-rich necrotic core
and intraplaque hemorrhage.>* The precise differentiation of tis-
sue components within soft plaque may be of limited clinical sig-
nificance, however, because most of these presumed tissue types
are features of more advanced atherosclerotic lesions.'" Under-
standing the relative importance of specific carotid plaque ele-
ments in predicting stroke risk has been made possible by high-
resolution MR imaging. By allowing the accurate differentiation
of tissue types in atherosclerotic lesions,'> MR imaging provides
important insights into the magnitude of risk that could poten-
tially be conferred by increasing soft plaque on CTA. For example,
a recent meta-analysis>® of subjects with carotid stenosis followed
after plaque MR imaging showed a lipid-rich necrotic core, intra-
plaque hemorrhage, and thinning or rupture of the fibrous cap as
conferring 3-, 6-, and 4.5-fold higher risks of future stroke or TIA,
respectively. Because lipid cores or hemorrhage together likely
form a significant component of soft plaque,'” we hypothesize
that soft-plaque measurements may represent a simple composite
marker of vulnerable, high-risk plaque elements. Similarly, cal-
cium in carotid plaque may be associated with relatively more
stable plaque, which is likely to cause ischemic stroke. The appar-
ent protective effect afforded by increasing calcium burden that
we and other investigations'*'*?¢ have found might be explained
by the decrease in fibrous cap inflammation or the increase in
mechanical stability afforded by attenuated calcium deposition.>®

Limitations of this study require discussion. First, because it
was a cross-sectional retrospective analysis, prior ischemic events
were correlated with plaque imaging features rather than predic-
tion of future stroke or TIA. Second, we were not able to precisely
identify the tissue types constituting soft plaque on the basis of
our study, which lacked histopathologic validation. Third, al-
though the review of subject data makes carotid disease the most
likely cause of stroke or TIA in our cohort, the possibility of tan-
dem intracranial stenosis as a cause of ischemic symptoms in our
cohort cannot be entirely excluded because we studied the neck
arteries and not the intracranial circulation. We believe that our

current study and prior work'*"?

now justify a larger scale, ap-
propriately powered prospective investigation of the ability of
CTA plaque-thickness measurements to predict future stroke or
TIA. Because plaque hemorrhage and lipid-rich necrotic core are
powerful predictors of stroke on MR imaging,”” it is likely that
similar predictive information would be present in CTA attenua-
tion measurements because we believe that hemorrhage and lipid
are significant constituents of soft plaque. Moreover, although
carotid atherosclerosis is a dynamic process, prospective evidence
supports high-risk markers of plaque, such as intraplaque hem-
orrhage, as being relatively stable with time and conferring in-
creased stroke risk for at least 5 years after their detection.> An
additional recent study®” also showed that high-risk elements
such as intraplaque hemorrhage, fibrous cap abnormalities, and
lipid cores were generally not significantly changed during a
1-year follow-up period. Therefore, although further investiga-
tion is needed, it is reasonable to hypothesize that our results
could translate into a prospective CTA-based stroke prediction
tool in carotid artery disease.

CONCLUSIONS

By using simple single-axial source images from CTA, we were
able to use soft- and hard-thickness measurements to discrimi-
nate between asymptomatic and symptomatic carotid artery
plaque in a cohort of patients with moderate carotid artery steno-
sis. Ultimately, further prospective studies powered for stroke
prediction are needed using this relatively simple and reproduc-
ible CT-based method.
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ORIGINAL RESEARCH
HEAD & NECK

Detection of Calcifications in Retinoblastoma Using Gradient-
Echo MR Imaging Sequences: Comparative Study between
In Vivo MR Imaging and Ex Vivo High-Resolution CT

F. Rodjan, P. de Graaf, P. van der Valk, T. Hadjistilianou, A. Cerase, P. Toti, M.C. de Jong, A.C. Moll, J.A. Castelijns, and P. Galluzzi,
on behalf of the European Retinoblastoma Imaging Collaboration

ABSTRACT

BACKGROUND AND PURPOSE: Intratumoral calcifications are very important in the diagnosis of retinoblastoma. Although CT is con-
sidered superior in detecting calcification, its ionizing radiation, especially in patients with hereditary retinoblastoma, should be avoided.
The purpose of our study was to validate T2*WI for the detection of calcification in retinoblastoma with ex vivo CT as the criterion
standard.

MATERIALS AND METHODS: Twenty-two consecutive patients with retinoblastoma (mean age, 21 months; range, 1-71 months) with
enucleation as primary treatment were imaged at 1.5T by using a dedicated surface coil. Signal-intensity voids indicating calcification on
T2*WI were compared with ex vivo high-resolution CT, and correlation was scored by 2 independent observers as poor, good, or excellent.
Other parameters included the shape and location of the signal-intensity voids. In 5 tumors, susceptibility-weighted images were
evaluated.

RESULTS: All calcifications visible on high-resolution CT could be matched with signal-intensity voids on T2*WI, and correlation was
scored as excellent in 17 (77%) and good in 5 (23%) eyes. In total, 93% (25/27) of the signal-intensity voids inside the tumor correlated with
calcifications compared with none (0/8) of the signal-intensity voids outside the tumor. Areas of nodular signal-intensity voids correlated
with calcifications in 92% (24/26), and linear signal-intensity voids correlated with hemorrhage in 67% (6/9) of cases. The correlation of
signal-intensity voids on SWI was better in 4 of 5 tumors compared with T2*WI.

CONCLUSIONS: Signal-intensity voids on in vivo T2*WI correlate well with calcifications on ex vivo high-resolution CT in retinoblastoma.
Gradient-echo sequences may be helpful in the differential diagnosis of retinoblastoma. The combination of funduscopy, sonography, and
high-resolution MR imaging with gradient-echo sequences should become the standard diagnostic approach for retinoblastoma.

ABBREVIATIONS: HRCT = high-resolution CT; SIV = signal-intensity void

Retinoblastoma is generally treated on the basis of fundu-
scopic, sonography, and imaging findings without prior his-
topathologic confirmation of diagnosis. The prevalence of calci-
fications is approximately 85%" and is considered the key finding
in differentiating retinoblastoma from simulating lesions (Coats
disease, persistent hyperplastic primary vitreous, or toxocara en-
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dophthalmitis) in young children.> Very rare lesions such as
medulloepithelioma and retinocytoma may also have calcifica-
tions and hence occasionally cause difficulty with clinical and ra-
diologic differentiation.’

Sonography is the most commonly used imaging technique
for the evaluation of intraocular tumors. The combination of fun-
duscopy and sonography allows the identification of calcifications
in 91%-95% of all patients with newly diagnosed retinoblas-
toma.” Sensitivity to small calcifications decreases, however, in
the presence of massive retinal detachment, vitreous hemorrhage,
and subretinal fluid, potentially hampering the confirmation of
the diagnosis. In these complicated eyes, CT is generally the
method of choice for studying intraocular calcifications, with re-
ported sensitivities of 81%-96%.” Its diagnostic performance in
staging retinoblastoma disease extent is limited, however, and the
theoretic increased risk of radiation-induced cataracts and fatal
cancers in children who are exposed to ionizing radiation should
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be considered.® Patients with hereditary retinoblastoma in partic-
ular are at an even higher risk of developing radiation-induced
tumors compared with healthy children.

MR imaging is the noninvasive technique of choice for the
evaluation of retinoblastoma. The combination of sonography
and MR imaging is considered first-line diagnostic imaging in the
evaluation of children with suspected retinoblastoma, surpassing
CT.” However, MR imaging does not allow reliable identification
of tumoral calcifications on routinely used clinical sequences. The
lack of spatial resolution with standard clinical sequences pro-
vides an additional challenge for the visualization of small punc-
tate tumoral calcifications. Scarce data on high-resolution ocular
MR imaging by using surface coils do, however, suggest that cal-
cifications can be detected with reasonable diagnostic accuracy.®

Gradient-echo T2*-weighted imaging sequences are sensitive
to susceptibility differences among tissues that cause magnetic
field inhomogeneity leading to signal loss, and T2*WTI is used to
depict blood products, deoxygenated venous blood in dilated ves-
sels (venous congestion), and calcifications.”'° Previous work by
Galluzzi etal'' showed that T2*WI can be a feasible technique for
detecting intraocular calcifications because calcified areas in reti-
noblastoma emerged as hypointense foci of signal-intensity voids
(SIVs) within the soft-tissue mass. Most of the SIVs on T2*WI
correlated with spots of intratumoral calcifications on CT.
Whether the shape and spatial arrangement of the intraocular
SIVs on MR imaging could be matched with calcifications on CT
was not investigated.

The purpose of our study was to assess the performance of
gradient-echo T2*WT in the visualization and morphologic eval-
uation of retinoblastoma calcifications and to compare T2*WI
with ex vivo CT scans of the enucleated eyes as the criterion
standard.

MATERIALS AND METHODS

Patient Population

This study included patients from 2 European retinoblastoma
referral centers and was performed in agreement with recommen-
dations of both local ethics committees, with a waiver of informed
consent. From October 2009 to September 2011, patients with
retinoblastoma diagnosed with funduscopy and sonography un-
der general anesthesia were included under the following condi-
tions: 1) Adequate pretreatment T2*WI was available, 2) enucle-
ation of the eye was the primary treatment for retinoblastoma,
and 3) high-resolution CT (HRCT) images of the enucleated eye
were available. In patients with bilateral retinoblastoma, only the
most affected eye was enucleated and included. Three patients
were excluded because of inadequate T2*WTI quality. The final
study population included 22 patients. Patient records were re-
viewed for age at retinoblastoma diagnosis.

MR Imaging

Pretreatment MR imaging examinations were performed with the
patient under general anesthesia on 1.5T systems (Avanto or So-
nata; Siemens, Erlangen, Germany) by using a dedicated surface
coil (loop or temporomandibular coils with a diameter of 4 and 7
cm, respectively) focused on the affected or most affected eye.
Imaging was performed according to published guidelines.” In all
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patients, MR images included transverse and sagittal spin-echo
TIWI (TR/TE, 300-420/13-15 ms; section thickness, 2 mm),
transverse spin-echo T2WI (TR/TE, 1200-2470/120-166 ms;
section thickness, 2 mm), and transverse 2D T2*WI (TR/TE,
300-650/15-25 ms; section thickness, 2 mm). Additionally, 5 pa-
tients underwent susceptibility-weighted imaging (TR/TE, 46/38
ms; matrix, 192 X 162; voxel size, 0.4 X 0.6 X 1 mm’; no gap; 35
sections; averages, 2; flip angle, 15°% acquisition time, 7.34 min-
utes). SWI datasets included phase images and minimum-inten-
sity-projection images.

Ex Vivo HRCT

HRCT was performed immediately after enucleation by using ei-
ther a BrightSpeed (GE Healthcare, Milwaukee, Wisconsin) or
Somatom Sensation 64 (Siemens) system. Eyes were carefully po-
sitioned in a small cardboard tray supported with gauze in the
same orientation as the transverse plane of the MR images. Axial
images were acquired with a section thickness of 0.6 mm, colli-
mation of 0.5 mm, pitch of 0.8, 120 kV, 250 mAs, FOV of 16 cm,
and a 512 X 512 matrix. From the raw data, individual datasets
were reformatted into images of 0.6-mm section thickness in all
22 eyes. Raw data remained available for additional multiplanar
reconstructions, which were made afterward by 1 observer (F.R.)
to provide accurate information of the obtained data in the axial
plane. Finally, 2 datasets of CT images were reconstructed and
were available for all patients; one with section thickness of 2 mm
(the same orientation and section-thickness as the T2*WI) and
one with very thin sections (0.6 mm).

Image Analysis

Retrospectively, 2 independent observers (P.G. and P.d.G, with 15
and 11 years of experience in ocular MR imaging, respectively)
reviewed all T2*WI and HRCT images. Afterward, differences in
scoring were resolved in consensus. Both observers were blinded
to the results of clinical and histopathologic findings. Ex vivo
HRCT was considered the criterion standard for detecting calci-
fications. The presence or absence of calcifications on HRCT was
assessed. Calcifications were defined as hyperattenuated foci
within the tumor on HRCT images. MR images were indepen-
dently reviewed by the same observers. After analyzing the MR
images, the observers confirmed detection of calcifications in cor-
relation with HRCT images by using anatomic landmarks to ad-
just for section thicknesses, angulation, and obliquity. Criteria
used to define calcifications on MR imaging were as follows: Cal-
cifications were required to have the same morphologic pattern as
that on the HRCT (same shape and same spatial arrangement)
and were considered localized foci of marked hypointense SIV on
T2*WIL. Correspondence between intraocular hyperattenuated
areas on CT and intraocular SIVs observed on MR imaging was
scored as excellent, good, or poor. Excellent correspondence was
scored if all calcifications on HRCT perfectly matched SIVs on
T2*WI. Good correspondence was scored if there was an evident
correlation between HRCT and MR imaging in some parts of the
tumor but additional SIVs on MR imaging were present without
an evident explanation on the basis of other MR images or hyper-
attenuated structures on CT. If no correlation could be observed
atall, the correspondence was scored as poor. The location of SIVs



Patient findings and correlation of CT with MRI in calcium
detection

Patient  Age Int MRI-En Corr Corr
(Lat) (mo)* (day) T2*WI-CT  SWI  T2*WI-SWI
1(V) 1 1 Moderate  No NA
2(V) 4 8 Moderate  No NA
3(V) 46 6 Moderate  No NA
4 (V) 3 0 Moderate  No NA
5(V) 26 6 Moderate  No NA
6(V) 73 1 Good No NA
7(B) 8 4 Good No NA
8 (V) 1 5 Good No NA
9(U) 8 1 Good No NA
10 (V) 16 1 Good No NA
(V) 3 8 Good No NA
12(8) 2 8 Good No NA
13(B) 35 8 Good No NA
14 (V) 29 1 Good No NA
15 (B) 29 8 Good No NA
16 (B) 3 6 Good No NA
17 (V) 45 8 Good No NA
18 (U) 5 8 Good Yes Equal
19 (V) 9 7 Good Yes Better
20 (U) 38 1 Good Yes Better
21(V) 5 8 Good Yes Better
22 (V) 37 5 Good Yes Better

Note:—Lat indicates tumor laterality; Int MRI-En, interval MRI and enucleation; Corr,
correlation; U, unilateral; B, bilateral; NA, not applicable.
#Median age, 12.5 mo; mean age, 20.72 mo.

in the tumor was categorized as central, peripheral, or a combi-
nation of both. The shape of SIVs was categorized as nodular or
linear. SIVs on T2*WI secondary to intravitreal or subretinal
hemorrhage were considered if fluid-fluid levels (in correspon-
dence with T2WT) or a smooth hypointense outlining of the tu-
mor or retina was present in the affected eye.

Eyes with good or poor correlation based on additional SIVs
without corresponding calcification on HRCT or other explana-
tions on conventional MR images were selected for additional
correlation with histopathology. In 5 tumors, SIVs in SWI were
evaluated and compared with the T2*WT and were scored as
worse, equal, or better correlation with calcifications on HRCT.
Furthermore, the feasibility of using phase images for the detec-
tion of calcifications in retinoblastoma was studied. Calcium un-
dergoes a positive phase shift (paramagnetic susceptibility) and is
displayed as a high signal-intensity area on the phase image,
whereas a negative phase shift (diamagnetic susceptibility) occurs
for veins, iron, and hemorrhage, making them appear uniformly
dark.

Histopathologic Examination

Eyes were fixed in saline-buffered formalin, sampled, embedded
in paraffin, and sectioned in the same orientation as the axial
plane of the MR images (thickness, 4 um) and stained with
hematoxylin-eosin. Histopathologic sections were only evalu-
ated in tumors with additional SIVs on T2*WI, without evi-
dent cause on other MR images or CT, by 2 pathologists
(P.v.d.V. and P.T).

RESULTS
All 22 patients (22 eyes) in this study had histopathologically
proved retinoblastoma (mean age, 21 months; range, 1-73

FIG 1. Excellent-matching hyperattenuated calcifications on ex vivo
high-resolution CT (left column) with signal-intensity void spots on
gradient-echo T2*-weighted MR images (right column) in patients 12
(A),16 (B), 18 (C), 19 (D), and 14 (E).

months). The mean time interval between diagnosis and MR im-
aging was 5 days (range, 0—8 days). The mean time interval be-
tween MR imaging and CT was 5 days (range, 0—8 days). Patient
characteristics are summarized in the Table.

Areas of calcification were present on HRCT in the tumors of
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FIG 2. Examples of additional signal-intensity voids on T2*-weighted MR images without corre-
spondence with ex vivo high-resolution CT. Patient 13 shows a hypointense nodular structure (A)
in the anterior part of the eye (arrow) on T2*-weighted imaging without corresponding hyper-
attenuation on ex vivo high-resolution CT (B). Histopathology demonstrates a hemorrhage (ar-
row) precisely matching this additional SIV (C). Adjacent to this hemorrhage multiple linear-
arranged spots match hyperattenuated spots on CT. In patient 11(D), a linear band of SIV on T2*WI
is shown outside the tumor along the detached retina (white arrow) and in the iris (black arrow).
The gray arrowhead indicates the lens, which is dislocated. Histology (E and F) shows necrotic
tumor with dilated vessels (venous congestion) (white arrow) and hemorrhagic necrosis of the iris
combined with venous congestion (black arrow). The anterior chamber is infiltrated by neoplas-
tic cells and cellular debris. (H&E staining, X20 magnification.)

FIG 3. Extra signal-intensity void spots in the anterior part of the eye on gradient-echo T2*-
weighted images (arrow, A) were observed in patient 21, with excellent correspondence with
HRCT (B). However, a band of additional signal-intensity void spots was present in the anterior
part of the tumor on the gradient-echo T2*-weighted MR image (arrow, A) without correspon-
dence on ex vivo high-resolution CT. Histopathologic correlation (C) shows multiple foci of
calcifications in the anterior part of the tumor (arrow). (H&E staining, X 20 magnification.)

(venous congestion). Of the 8 areas of
SIVs located outside the tumor, 6 (75%)
correlated with hemorrhage (5 subreti-
nal and 1 intratumoral), and 2, with sus-
ceptibility artifacts secondary to air-tis-
sue interface. Areas of nodular SIVs
correlated with calcifications in 92%
(24/26), and linear SIVs correlated with
hemorrhage in 67% (6/9).

The 17 excellent-corresponding eyes
showed a perfect match (same shape and
same spatial arrangement) between hy-
perattenuated structures on CT and ar-
eas of SIVs on T2*WT (Fig 1). Additional
SIVs in excellent-corresponding tumors
were mostly located outside the tumor,
with a linear aspect corresponding with
artifacts or hemorrhage (Fig 2). In 3 ex-
cellent-corresponding tumors, addi-
tional SIVs were observed on T2*WI
and did not have any corresponding hy-
perattenuation on HRCT. However on
histopathology, these SIVs did correlate
with spots of calcification (Fig 3).

In 5 good-corresponding eyes, the
hypointense areas on MR imaging could
only be correlated in part with hyperat-
tenuated areas on CT. Additional SIVs
were all located outside the tumor and
correlated with hemorrhage and venous
congestion.

Discrepancies between observers oc-
curred in 2 excellent-corresponding
cases. In one case, a linear hypointense
structure that indicated hemorrhage
caused confusion. In the other case,
more SIVs were observed on MR imag-
ing compared with the poor resolution
of CT. The spots of calcification on CT,
however, matched those on T2*WI well.

In 5 patients, SWI datasets were
available and all eyes were excellent-cor-
responding. In 4 eyes, the correlation

all 22 eyes. Furthermore, all eyes showed foci of SIVs on T2*WTI.
Thirty-five areas of SIVs were depicted, 27 areas of SIVs inside the
tumor and 8 areas outside the tumor. Shape was classified as nod-
ular (n = 26) and linear (n = 9). Nodular SIVs were predomi-
nantly located within the tumor (25 of 26 SIVs; 96%), and 19
(76%) were in the tumor center, whereas linear SIVs were pre-
dominantly located outside the tumor (7 of 9 SIVs; 78%). Of the 2
linear SIVs within the tumor, one was located at the periphery of
the tumor, while the other was located centrally within the tumor.

Correlation between calcifications on CT and SIVs on T2*WI
was scored as excellent in 17 (77%) and good in 5 (23%) eyes.
Poor correlations were not observed. Of 27 areas of SIVs located
inside the tumor, 25 areas (93%) correlated with calcifications; 1,
with intratumoral hemorrhage; and 1, with a dilated venous vessel
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between SIVs on SWI and the calcifications on HRCT was better
compared with that on T2*WI (Fig 4), and in 1 eye, the correlation
showed no difference between the 2 gradient-echo techniques. In 2
patients, the quality of the phase images was diminished due to image
distortions. Phase images showed the hyperintense signal intensity of
calcification in the other 3 eyes, which was confirmed on HRCT.
None of these eyes showed intraocular or intratumoral hemorrhage
clinically or on histopathology.

DISCUSSION

T2*WT allows accurate identification of calcified areas in retino-
blastoma. In our study, all calcifications seen on ex vivo HRCT
could be matched with SIVs on T2*WI, and this technique even
depicted small SIVs better than HRCT. SIVs located in the tumor



FIG 4. The value of phase imaging in identifying calcification in reti-
noblastoma (patient 22). Signal-intensity void spots can be seen on
the T2*-weighted (A) and SWI minimum intensity projection (B). A
phase image (C) shows high signal intensity centrally identifying calci-
fication, confirmed on the ex vivo high-resolution CT image (D).

center are more likely to be calcification, whereas peripheral SIVs
and other intraocular SIVs can also indicate hemorrhage, slow-
flowing blood in venous congestion, or artifacts.

Detection of calcifications is critical for the differential diag-
nosis of retinoblastoma. After funduscopy, the first-line diagnos-
tic tool is always ocular sonography. Experienced ophthalmolo-
gists find calcifications in most patients. When calcifications are
not detected, cross-sectional imaging studies can be used as a
problem-solving technique.'>'? MR imaging is the technique of
choice for the evaluation of intraocular pathology, especially in
children presenting with leukocoria.

The guidelines for imaging retinoblastoma by de Graaf et al’
serve as a checklist for minimal requirements for pretreatment
diagnostic evaluation of retinoblastoma or mimicking lesions.
They concluded that with sonography, high-resolution MR imag-
ing is the most important technique for retinoblastoma diagnosis
and the evaluation of associated intracranial abnormalities. CT
was highly discouraged in children with retinoblastoma because
of ionizing radiation and no added diagnostic value.

Historically, MR imaging has been considered an inferior
technique for the detection of calcifications compared with CT.
However, successful depiction of small foci of calcifications by
T2*WI has already been reported in other studies.'*'* Galluzzi
et al'' showed that T2*WI is a feasible technique for detecting
calcifications in retinoblastoma. In their study, all SIVs matched
calcifications. SIVs on T2*WI could, however, also represent pa-
thology other than calcifications. In our study, we further charac-
terized SIVs as calcification, hemorrhage, or artifacts by discuss-
ing different accompanying patterns.

We were able to confirm the capability of T2*WI for calcifica-
tion detection. In some tumors, T2*WT was even more sensitive in
depicting small intraocular calcifications in vivo compared with

HRCT ex vivo. The HRCT protocol in this study is considered
more sensitive for the detection of small punctate calcifications
than commonly used clinical protocols for pediatric orbital CT.
Additional hypointense areas on MR imaging can, however,
cause confusion. Intratumoral hemorrhage is the most important

cause of false-positive SIVs.'®

Hemorrhage is more likely to ap-
pear in large necrotic tumors and can cause extensive intraocular
complications such as massive subretinal or intravitreal hemor-
rhage with a subsequent increase in intraocular pressure. Smooth
and linear SIVs in retinoblastoma on T2*WT are indicative of
intratumoral hemorrhage and are predominantly located in the
tumor periphery, whereas calcifications more frequently present
as hypointense SIVs in the tumor center. Massive subretinal or
intravitreal hemorrhage can easily be diagnosed on conventional
T2WI with fluid-fluid (sedimentation) levels. We considered
smooth and linear SIVs on T2*WT indicative of intraocular hem-
orrhage. They are predominantly on the surface of the tumors or
aligning with the usually detached retina. Close correlation with
findings during funduscopy and sonography might further help
in the interpretation of SIVs on the tumor surface.

Advanced disease with massive tumor necrosis can also pres-
ent with secondary neovascular glaucoma, uveitis, and/or aseptic
orbital cellulitis. These conditions are associated with venous con-
gestion (ie, extremely dilated intraocular venous structures). Sus-
ceptibility effects in venous blood are caused by the presence of
deoxyhemoglobin and become more pronounced in venous con-
gestion with increased intravascular space and slow-flowing ve-
nous blood (Fig4).'” Susceptibility artifacts due to air beneath the
eyelid or within the paranasal sinuses can also cause SIVs on
T2*WI. These artifacts can be distinguished from calcifications by
their linear aspect and location. Susceptibility artifacts caused by
air are usually located in or near the anterior eye segment.

SWI was available for review in a small subset of patients,
which allowed us to explore, for the first time, the potential value
of this sequence in retinoblastoma. This technique was more sen-
sitive than T2*WT in detecting calcifications or microcalcifica-
tions and differentiating them from intratumoral hemorrhage or
microhemorrhage, necrosis, and artifacts in oligodendroglioma,
vestibular schwannoma, and diffuse infiltrating pontine gli-
oma.'®'®'” In contrast to T2*WI, SWI is based on a long TE,
high-resolution, flow-compensated 3D gradient-echo imaging
technique with filtered phase information in each voxel. The
combination of magnitude and phase data creates an enhanced
contrast magnitude image that is particularly sensitive to hemor-
rhage, calcium, iron storage, and slow-flowing venous blood,
therefore allowing a significant improvement in sensitivity and
specificity compared with T2*W1.'®%° Preliminary results in our
study showed that correlations between SWI and HRCT in reti-
noblastoma are equal to or even better compared with T2*WTI.
Therefore, further studies with more patients are required to de-
termine the diagnostic accuracy of SWI in the detection of micro-
calcifications in retinoblastoma.

Our study has some limitations. First, we did not perform
histopathologic correlation to confirm the presence of calcifica-
tions in all eyes but only of SIVs for which a corresponding hy-
perattenuation on HRCT was lacking. However, the accuracy of
CT in depicting calcifications in soft tissues is well-accepted, and
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this technique was used as a reference in several studies in the
palst.5 1121 Gecond, the lesions studied were all retinoblastomas,
without a number of simulating lesions for comparison. It is thus
impossible to determine whether the absence or theoretic absence
of SIVs on T2*WT or SWI in simulating diseases can be a reliable
parameter to narrow the differential diagnosis. Third, all included
patients required enucleation, which resulted in selection bias be-
cause small tumors are usually treated with conservative (eye-
sparing) treatment options. The amount of calcifications might
be higher in larger tumors, which makes detection of calcification
by CT and MR imaging easier. A potential reduction in sensitivity
might become apparent for both techniques by adding smaller
tumors.

We recommend further research on this topic, in which reti-
noblastoma and simulating lesions are studied with T2*WT or
SWI to evaluate the presence of SIVs in these diseases. Ideally,
these studies should include close correlation with histopathology
to explore possible false-positive findings in simulating lesions.
The small sample size of SWI studies in retinoblastoma is another
limitation in our study. However, these initial positive findings
warrant further research, especially because SWI, by including
information provided by the phase images, has the potential to be
a sensitive and specific technique for detecting or excluding cal-
cifications in retinoblastoma.

CONCLUSIONS

Our study shows an excellent correlation between SIVs as de-
tected on in vivo T2*WTI or SWI sequences and calcifications on ex
vivo HRCT in retinoblastoma. The combination of funduscopy,
sonography, and high-resolution MR imaging with gradient-echo
sequences should become the standard diagnostic approach for
retinoblastoma and removes potentially harmful ionizing radia-
tion from the study protocol.

Disclosures: Paolo Galluzzi—RELATED: Support for Travel to Meetings for the Study
or Other Purposes: ODAS Foundation (from Italy to the Netherlands, for the Euro-
pean Retinoblastoma Imaging Collaboration meeting in Amsterdam).
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ORIGINAL RESEARCH
HEAD & NECK

MR Imaging Features of Acute Mastoiditis and Their Clinical
Relevance

R. Saat, A.H. Laulajainen-Hongisto, G. Mahmood, LJ. Lempinen, A.A. Aarnisalo, A.T. Markkola, and J.P. Jero

ABSTRACT

BACKGROUND AND PURPOSE: MR imaging is often used for detecting intracranial complications of acute mastoiditis, whereas the
intratemporal appearance of mastoiditis has been overlooked. The aim of this study was to assess the imaging features caused by acute
mastoiditis in MR imaging and their clinical relevance.

MATERIALS AND METHODS: Medical records and MR imaging findings of 31 patients with acute mastoiditis (21 adults, 10 children) were
analyzed retrospectively. The degree of opacification in the temporal bone, signal and enhancement characteristics, bone destruction, and
the presence of complications were correlated with clinical history and outcome data, with pediatric and adult patients compared.

RESULTS: Most patients had =50% of the tympanic cavity and 100% of the mastoid antrum and air cells opacified. Compared with CSF,
they also showed intramastoid signal changes in T1 spin-echo, T2 TSE, CISS, and DWI sequences; and intramastoid, outer periosteal, and
perimastoid dural enhancement. The most common complications in MR imaging were intratemporal abscess (23%), subperiosteal abscess
(19%), and labyrinth involvement (16%). Children had a significantly higher prevalence of total opacification of the tympanic cavity (80%
versus 19%) and mastoid air cells (90% versus 21%), intense intramastoid enhancement (90% versus 33%), outer cortical bone destruction
(70% versus 10%), subperiosteal abscess (50% versus 5%), and perimastoid meningeal enhancement (80% versus 33%).

CONCLUSIONS: Acute mastoiditis causes several intra- and extratemporal changes on MR imaging. Total opacification of the tympanic
cavity and the mastoid, intense intramastoid enhancement, perimastoid dural enhancement, bone erosion, and extracranial complications

are more frequent in children.

ABBREVIATIONS: AM = acute mastoiditis; SI = signal intensity; SNHL = sensorineural hearing loss

Acute mastoiditis (AM) is a complication of otitis media in
which infection in the middle ear cleft involves the muco-
periosteum and bony septa of the mastoid air cells. It can be
divided into coalescent and noncoalescent mastoiditis. In co-
alescent AM, infection causes osteolysis of the bony septa or
cortical bone, which can further lead to intra- and extracranial
complications.

AM diagnosis is usually based on clinical findings, with imag-
ing useful for detecting complications or ruling out other disease
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entities mimicking AM."? Treatment is mainly conservative, with
mastoidectomy reserved for those with complications or no re-
sponse to adequate antimicrobial treatment.>* However, gener-
ally accepted guidelines for the treatment of AM are lacking, and
treatment algorithms vary by institution.

CT is usually the initial technique of choice for imaging pa-
tients with AM. Intravenous contrast agent is advisable for better
evaluation of perimastoid soft tissues and because some intracra-
nial complications like venous sinus thrombosis are detectable
only from contrast-enhanced images. MR imaging is mainly re-
served for detection or detailed evaluation of intracranial compli-
cations or both.

While the usefulness of MR imaging in diagnosing intracranial

159 intra-

AM spread has been demonstrated many times over,
temporal findings of AM on MR imaging tend to be overlooked
and information on their clinical relevance is scarce. Problems
exist with overdiagnosing “mastoiditis” on MR imaging if it is
based on intramastoid fluid signal alone.'®!" Because MR imag-

ing use in clinical practice is increasing, precise information on

AJNR Am J Neuroradiol 36:361-67  Feb 2015  www.ajnr.org 361



Table 1: Distribution of intramastoid signal intensity and enhancement

No. No. of Patients per Category (Valid %)
Slin T2 FSE and CISS Isointense to CSF Hypointense to CSF, hyperintense to WM Iso- or hypointense to WM
CIss 25 1(4) 14 (56) 10 (40)
T2 FSE 31 3(10) 24 (77) 4(13)
Slin T1SE Isointense to CSF Hyperintense to CSF, not to WM Hyperintense to WM
TISE 31 0(0) 22(71) 9(29)
Sl'in DWI (b=1000) Hypointense to WM Isointense to WM Hyperintense to WM
27 2(7) 9(33) 16 (59)
Slin ADC Not lowered Lowered
26 10 (38) 16 (62) -
Enhancement None Faint, thin Intense, thick
31 3(10) 12(39) 16 (52)

Note:—No. indicates the number of patients with a specific sequence available.

the spectrum of MR imaging features of AM is essential. Our aim
was to describe MR imaging findings resulting from AM and to
clarify their clinical relevance.

MATERIALS AND METHODS

Patients

All 153 patients with a discharge diagnosis of AM (International
Classification of Diseases-10 code H70.0) in the Ear, Nose, and
Throat Department of our institution (a tertiary referral center
providing health care for approximately 1.5 million people) dur-
ing a 10-year period (2003—-2012) were retrospectively identified
from the hospital data base. Based on recent reports,'*'* the di-
agnostic criteria for AM in our institution were the following:
either intraoperatively proved purulent discharge or acute infec-
tion in the mastoid process, or findings of acute otitis media and
at least 2 of these 6 symptoms: protrusion of the pinna, retroau-
ricular redness, retroauricular swelling, retroauricular pain, ret-
roauricular fluctuation, or abscess in the ear canal, with no other
medical condition explaining these findings. Those with MR im-
aging of the temporal bones available (1 = 34) were selected for
this study. We excluded 3 patients: 1 with recurrent disease after
previous mastoidectomy, 1 with secondary inflammation due to
an underlying tumor, and 1 in whom an intraoperative biopsy
revealed middle ear sarcoidosis. The final analysis covered 31 pa-
tients. The study protocol was approved by the institutional ethics
committee.

Clinical Data

Clinical data were collected from electronic patient records and
consisted of the following variables: age and sex, side of the AM,
duration of symptoms, duration of intravenous antibiotic treat-
ment, presence or absence of retroauricular signs of infection
(redness, swelling, pain, fluctuation, protrusion of the pinna),
sensorineural hearing loss (SNHL), decision for operative treat-
ment, mastoidectomy, and duration of hospitalization.

MR Imaging Protocol

MR imaging examinations were performed on a 1.5T unit (Mag-
netom Avanto; Siemens, Erlangen, Germany) with a 12-channel
head and neck coil in 30 patients and on a 3T unit (Achieva;
Philips Healthcare, Best, Netherlands) with an 8-channel head
coil in 1 patient. The standard MR imaging protocol for mastoid-
itis consisted of axial and coronal T2 FSE and axial T1 spin-echo
images, axial EPI DWI (b factors of 0 and 1000 s/mm?) and an
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ADC map with 3-mm section thickness, high-resolution T2-
weighted CISS images with 0.7-mm section thickness, and T1
MPRAGE images after intravenous administration of 0.1
mmol/kg of body weight of gadoterate meglumine (Dotarem;
Guerbet, Aulnay-sous-Bois, France), obtained in the sagittal
plane and reconstructed as 1-mm sections in axial and coronal
planes.

Image Interpretation

The MR images were independently analyzed for their consensus
diagnosis by 2 board-certified radiologists (R.S. and G.M. with 6
and 3 years of experience in reading temporal bone MR images
and each holding a Certificate of Added Qualification in, respec-
tively, head and neck radiology and neuroradiology). For every
patient, only 1 ear was evaluated. In the 1 case with bilateral mas-
toiditis, only the first-involved ear was included.

Opacification degree in the tympanic cavity, mastoid antrum,
and mastoid air cells; signal intensity in T1 spin-echo, T2 FSE,
CISS, and DWI (b=1000); and intramastoid enhancement were
recorded and scored into 3—4 categories of increasing severity by
the principles shown in Table 1 and Fig 1. The following imaging
findings were reported as being either present or absent: drop in
signal intensity on the ADC map, blockage of the aditus ad an-
trum, bone destruction, signs of intratemporal abscess, signs of
inflammatory labyrinth involvement, enhancement of the outer
periosteum, perimastoid dural enhancement, epidural abscess,
subperiosteal abscess, subdural empyema, generalized pachy-
meningitis, leptomeningeal enhancement, soft-tissue abscess, or
sinus thrombosis.

Mastoid pneumatization is variable among patients and its
contents inhomogenous, making objective signal intensity (SI)
measurements complicated. Therefore, the intramastoid MR im-
aging SI was evaluated subjectively from the most abnormal regions
in comparison with the SI of cerebellar WM in the same image and
with the CSF in the location with no pulsation artifacts. It was scored
according to the highest on TIWI and DWT (b=1000) or the lowest
on T2WT detectable SI that involved a substantial part of the mastoid
process. Additionally, ADC values were subjectively estimated as be-
ing either lowered or not lowered.

Destruction of bony structures was estimated from T2 FSE
images as loss of morphologic integrity of bony structures or
clear signal transformation inside the otherwise signal-voided
cortical bone. This was evaluated at 3 subsites: the intercellular



FIG 1. Image examples of each scoring category according to signal intensities. Categories are displayed in columns from left to right in
increasing severity.

bony septa of the mastoid, inner cortical bone toward the in- Blockage of the aditus ad antrum was defined as filling of the
tracranial space, and outer cortical bone toward the extracra-  aditus lumen by enhanced tissue. Signs of inflammatory laby-
nial soft tissues. rinth involvement were either diffuse intralabyrinthine en-
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hancement or perilymph signal drop in CISS. Intratemporal
abscess was defined as a nonanatomic cavity inside the tempo-
ral bone with an enhanced wall and marked diffusion restric-
tion inside it. Criteria for generalized pachymeningitis (in con-
trast to perimastoid dural enhancement) were extensive
thickening and enhancement of the dura that extended past the
borders of the temporal bone.

Statistical Analysis

Due to the relatively small number of patients, the original MR
imaging scoring groups were dichotomized by summation of
the original scoring groups into groups of comparable sizes
before statistical analysis. Associations between dichotomized
MR imaging findings and background or outcome parameters
were determined with the Fisher exact test for categoric data
and the Mann-Whitney U test for numeric data. Clinical as-
pects and imaging findings between pediatric and adult patient
groups were compared with the Fisher exact test. Statistical
analysis was conducted by a biostatistician with NCSS 8 soft-
ware (NCSS, Kaysville, Utah). A P value of < .05 was consid-
ered statistically significant.

RESULTS

Patients and Clinical Data

Thirty-one patients were analyzed (11 male and 20 female); mean
age, 33.4 years (range, 3—81 years). Age distribution showed 2
peaks between 10 and 20 and between 40 and 50 years. Pediatric
patients (16 years of age or younger) numbered 10.

The average duration of symptoms before MR imaging was
12.9 days (range, 0-90 days). Classic retroauricular signs of
mastoid infection were present in 18 patients (58%); and
SNHL in 15 (48%). Intravenous antibiotics had been initiated
for at least 24 hours before MR imaging in 18 patients (58%);
and the mean duration of this treatment was 2.8 days (range,
0-22 days).

Operative treatment was chosen for 20 patients (65%), and
mastoidectomy was performed for 19 (61%) because of parent
refusal in 1 patient.

The average length of hospitalization was 6.7 days (range, 1-26
days). Six patients had recurrent symptoms within the 3-month
follow-up.

MR Imaging Findings

Opacification of the Middle Ear and Mastoid. Most patients had
atleast a 50% opacification in the tympanic cavity and total opaci-
fication of the mastoid antrum and air cells (Fig 2). A significant
correlation appeared between =50% opacification in the tym-
panic cavity and longer intravenous antibiotic treatment (mean,
5.0 versus 2.0 days; P = .031).

Intramastoid Signal Intensities. Findings regarding intramastoid
signal intensities are demonstrated in Table 1. On T2 FSE, among
31 patients, the SI was hypointense to CSF in 28 (90%) and iso- or
hypointense to WM of the brain in 4 (13%). On CISS, among 25
patients, SI was hypointense to CSF in 24 (96%) and iso- or hy-
pointense to WM in 10 (40%). On unenhanced T1 spin-echo, SI
was hyperintense to CSF in all 31 patients and hyperintense to
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FIG 2. Obliteration degree in different temporal bone subregions
(n = 3).

WM in 9 (29%). On DWI (b=1000), among 27 patients, SI was
iso-or hyperintense to WM in 25 (93%) and hyperintense to WM
in 16 (59%). Lowered SI in the ADC was detectable in 16 of 26
patients (62%). Hyperintense-to-WM SI in DWT was associated
with a shorter duration of intravenous antibiotic treatment
(mean, 1.9 versus 5.0 days; P = .029).

Enhancement Characteristics. Intramastoid enhancement was
detectable in 28 patients (90%) and was thick and intense in 16
(52%) (Fig 3). Intense enhancement was associated with younger
age (mean, 24.6 versus 42.7 years; P = .019). Enhancement of the
outer periosteum occurred in 21 patients (68%); and perimastoid
dural enhancement, in 15 (48%). Outer periosteal enhancement
correlated with shorter duration of symptoms (7.1 versus 25.1
days, P =.009). Obliteration of the aditus ad antrum by enhanced

tissue was detected in 11 patients (36%).

Bone Destruction. Destruction of the intramastoid bony septa
was suspected in 11 (35%); of inner cortical bone, in 4 (13%); and
of outer cortical bone, in 9 (29%) patients. Destruction of outer
cortical bone was associated with younger age (mean, 34.0 versus
48.7 years; P = .004), shorter duration of symptoms before MR
imaging (mean, 11.0 versus 24.5 days; P = .031), and the presence
of retroauricular signs of infection (P = .045).

Complications. Intratemporal and extracranial complications
predominated over intracranial complications (Table 2). Intra-
temporal abscess formation was suspected in 7 patients (23%).
Subperiosteal abscesses were detectable in 6 (19%) and were cor-
related with younger age (mean, 6.0 versus 25.0 years; P = .010)
and with retroauricular signs of infection (P = .028). Labyrinth
involvement was detectable in 5 patients (16%).The prevalence of
other complications was low in our cohort: 2 (7%) with epidural
abscess, generalized pachymeningitis, leptomeningitis, or soft-tis-
sue abscess; 1 (3%) with sinus thrombosis; and none with sub-
dural empyema.

Outcome. Opacification of the tympanic cavity of 100% was
associated positively with the decision for operative treatment
(P = .020).

All patients with labyrinth involvement on MR imaging had
SNHL (P = .043). Additionally, SNHL was associated with oblit-
eration of the aditus ad antrum by enhanced tissue (P = .023) and
outer cortical bone destruction (P = .015).



FIG 3. MR images of bilateral AM with duration of symptoms of 12 days on the left and fewer than 6 days (3—6 days) on the right side. T2 FSE
image (A) shows total obliteration of middle ear and mastoid air spaces. Sl is comparable with that of brain parenchyma. Especially on the right
side, delineation of intramastoid bony septa is no longer detectable. On the left, outer cortical bone is destroyed (arrow) with subperiosteal
abscess formation (asterisk). Intramastoid signal decrease, compared with CSF, becomes even more evident in CISS (B). In postgadolinium T1
MPRAGE (E), intense, thick enhancement surrounds the fluid-filled mastoid antra (a) and fills the peripheral mastoid cells. On the left, intense
soft-tissue enhancement around the subperiosteal abscess and, on the right, periosteal enhancement surrounding the mastoid are visible. DWI
b=1000 (C) and ADC (D) show diffusion restriction in the whole mastoid region bilaterally with foci of markedly elevated Sl inside both antra (a)

and the left subperiosteal abscess (asterisk).

Table 2: Prevalence of AM complications detected on MRI (N = 31)

No. (%)

Complication All Children  Adults
Septal destruction 11(35) 5(45) 6(30)
Inner cortical bone destruction 4(13) 2(18) 2(10)
Outer cortical bone destruction  9(29) 7 (64)* 2(10)?
Intratemporal abscess 7(23) 3(27) 4(20)
Subperiosteal abscess 6(19) 5 (45)° 1(5)
Labyrinth involvement 5(16) 0(0) 5(25)
Epidural abscess 2(6) 2(18) 0(0)
Soft-tissue abscess 2(6) 1(9) 1(5)
Generalized pachymeningitis 2(6) 1(9) 1(5)
Leptomeningitis 2(6) 1(9) 1(5)
Sinus thrombosis 1(3) 1(9) 0(0)
Subdural empyema 0(0) 0(0) 0(0)

(

@ Significant differences between adult and pediatric subgroups (P < .05).

Pediatric versus Adult Patients. In pediatric patients, a signifi-
cantly higher prevalence of total opacification occurred in the
tympanic cavity (80% versus 19%, P = .002) and mastoid air cells
(90% versus 21%, P = .046). Children more frequently showed
intense intramastoid enhancement (90% versus 33% P = .006),
enhancement of the perimastoid dura (80% versus 33%, P =
.023), possible outer cortical bone destruction (70% versus 10%,
P = .001), and subperiosteal abscess (50% versus 5%, P = .007).
Accordingly, among children, the prevalence of retroauricular
signs of infection was also higher (90% versus 43%, P = .020).

DISCUSSION

Imaging plays an important role in AM diagnostics, especially in
complicated cases. The imaging technique of choice usually is CT
for its sensitivity in detecting opacification and bone destruction.
Its capability to differentiate among causes of opacification is
poor.

In comparison with CT, MR imaging performs better in dif-
ferentiating among soft tissues and in showing juxtaosseous con-
trast medium uptake, due to the natural MR signal void in bone.
In the context of AM, evidence indicates the superiority of MR
imaging over CT in the detection of labyrinth involvement and
intracranial infection.®'* Little focus has, however, been on in-
tratemporal MR imaging findings, with most reports only of in-
tramastoid high signal intensity on T2WI, reflecting fluid reten-
tion—a finding evidently nonspecific and leading to mastoiditis
overdiagnosis.'*""

During mastoiditis, variable signal intensities of retained fluid
and intratemporal enhancement can appear, explained by desic-
cation of fluids and overgrowth of granulation tissue, especially
under chronic conditions.® According to Platzek et al'® (2014) a
sensitivity of 100% and specificity of 66% in diagnosing AM are
possible, with =2 of these intramastoid findings: fluid accumula-
tion, enhancement, or diffusion restriction. In most of our pa-
tients with AM, >50% opacification of air spaces occurred in all
temporal bone subregions (Fig 2). Total opacification of the tym-
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panic cavity was the only imaging finding significantly associated
with treatment options. Although opacification degree in the
tympanic cavity usually was lower than that in the distal parts of
the temporal bone, when 100%, it indicated a decision to perform
surgery. All our patients had, before the MR imaging, either ex-
isting tympanic membrane perforation or myringotomy or a tym-
panostomy tube in place. In patients with an intact tympanic
membrane, opacification of the tympanic cavity may have a dif-
ferent prognostic impact.

Trends toward predicting operative treatment were also de-
tectable in regard to total opacification of mastoid air cells (P =
.056) and thick and intense intramastoid enhancement (P =
.066). In larger cohorts, these may still prove valuable markers of
severe disease.

In most patients (=90%), intramastoid signal intensity on T2
TSE and even more on CISS was lower than that of CSF and even
reached the values of the white matter SI (Table 1), most likely due
to the increased protein content of the obliterating material. On
T1WI, SI of the intramastoid substance, in comparison with CSF,
was increased in all patients.

In some patients, marked signal changes and intense intramas-
toid enhancement were detected early in AM, even on the second
symptomatic day, and therefore cannot be related to chronic con-
ditions only.®

DWTI was included in our protocol to detect purulent secre-
tions and possible intratemporal abscesses.'®?° On DWI, most
patients (93%) showed variable degrees of signal increase in their
mastoid effusions (Table 1). Nearly two-thirds (59%) had intra-
mastoid signal intensity higher than that in their brain paren-
chyma on DWI and low signal on ADC, confirming the true dif-
fusion restriction.

In contrast to cholesteatoma, diffusion restriction in AM is
usually more diffuse." In cases of cholesteatoma underlying mas-
toiditis or in mastoiditis complicated by intratemporal abscess,
difficulties may arise, calling for either surgical exploration or
follow-up imaging. Differentiation among cholesteatoma, in-
fected cholesteatoma, and intratemporal abscess may be possible,
based on their ADC values, though large-study evidence is still
lacking.*?

Imaging findings associated with either a clinically rapid
course and shorter duration of symptoms or shorter duration of
IV antibiotic treatment before MR imaging were outer periosteal
enhancement, destruction of outer cortical bone, and hyperin-
tense-to-WM SI on DWI. Outer cortical destruction and subpe-
riosteal abscesses were associated with clinical signs of retroau-
ricular infection.

Compared with adults, children, especially at a younger age
(younger than 2 years) generally tend to develop so-called classic
AM—usually of short duration and rapid course, with distinct
clinical symptoms and signs.'>'> Our pediatric patients more of-
ten showed total opacification of the tympanic cavity and mas-
toid, strong intramastoid enhancement, outer cortical bone de-
struction, and subperiosteal abscesses. Intracranial complications
were no more numerous among children when compared with
adults, but these were very rare in each subgroup.

Our limitations are the small size and inhomogeneity of the
patient cohort. For patients with AM, MR imaging was performed
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rarely, usually for severe disease or unsatisfactory treatment re-
sponse. Our imaging series thus does not reflect the average AM
population. It includes both hyperacute cases and patients with a
longer history and antibiotic treatment for variable durations.
Drawing firm conclusions regarding the prognostic value of these
MR imaging findings is thus difficult.

Traditionally in our institution, imaging was performed to
confirm suspicion of AM complications necessitating surgery. In
other circumstances, treatment decisions were based solely on
clinical evidence of progressive disease, failure to respond to IV
antibiotics within 48 hours, or underlying cholesteatoma.>*

In clinical practice, contrast-enhanced CT is still the prefera-
ble, first-line imaging technique due to better availability in ur-
gent situations. Otologists are more familiar with CT images as
their preoperative map. In addition to detecting intracranial com-
plications, MR imaging could be recommended for pediatric pa-
tients due to its lack of ionizing radiation. In young children,
however, CT may be preferred over MR imaging when anesthesia
is inadvisable. MR imaging provides an alternative diagnostic tool
for patients with contraindications for contrast-enhanced CT and
could benefit decision-making concerning surgery in conserva-
tively treated patients with insufficient clinical response.

Thus far, radiologic markers for aggressive AM have been ei-
ther bone destruction in CT or intra- and extracranial complica-
tions. Now MR imaging provides additional imaging markers re-
flecting soft-tissue reaction to infection: major intramastoid
signal changes; diffusion restriction; or intramastoid, periosteal,
or dural enhancement. These may serve in the assessment of AM
severity. Their accuracy in detecting clinically relevant AM and
their true prognostic value remain to be clarified by larger studies.

CONCLUSIONS

Acute mastoiditis causes several intra- and perimastoid changes
visible on MR imaging, with >50% opacification of air spaces,
non-CSF-like signal intensity of intramastoid contents, and intra-
mastoid and outer periosteal enhancement detectable in most pa-
tients. In children, total opacification of the tympanic cavity and
mastoid, intense intramastoid enhancement, perimastoid dural
enhancement, bone erosion, and extracranial complications are
more frequent.

ACKNOWLEDGMENTS
The authors thank Timo Pessi, MSc, for his assistance with statis-
tics and Carolyn Brimley Norris, PhD, for her linguistic expertise.

Disclosures: Anu H. Laulajainen-Hongisto—RELATED: Grant: Helsinki University Cen-
tral Hospital (research funds); Support for Travel to Meetings for the Study or Other
Purposes: Finnish Society of Ear Surgery, Comments: Politzer Society meeting. JussiP.
Jero—RELATED: Grant: Helsinki University Hospital.* *Money paid to the institution.

REFERENCES

1. Minks DP, Porte M, Jenkins N. Acute mastoiditis: the role of radiol-
ogy. Clin Radiol 2013;68:397—405

2. Psarommatis IM, Voudouris C, Douros K, et al. Algorithmic man-
agement of pediatric acute mastoiditis. Int ] Pediatr Otorhinolaryn-
£012012;76:791-96

3. Bakhos D, Trijolet J, Morniere S, et al. Conservative management of
acute mastoiditis in children. Arch Otolaryngol Head Surg
2011;137:346-50



10.

11.

12.

13.

14.

. Chesney J, Black A, Choo D. What is the best practice for acute

mastoiditis in children? Laryngoscope 2014;124:1057-58

. Luntz M, Bartal K, Brodsky A, et al. Acute mastoiditis: the role of

imaging for identifying intracranial complications. Laryngoscope
2012;122:2813-17

. Dobben GD, Raofi B, Mafee MF, et al. Otogenic intracranial

inflammations: role of magnetic resonance imaging. Top Magn
Reson Imaging 2000;11:76—86

. Hughes DC, Raghavan A, Mordekar SR, et al. Role of imaging in the

diagnosis of acute bacterial meningitis and its complications. Post-
grad Med ] 2010;86:478—85

. Maroldi R, Farina D, Palvarini L, et al. Computed tomography and

magnetic resonance imaging of pathologic conditions of the middle
ear. Eur ] Radiol 2001;40:78 -93

. Vazquez E, Castellote A, Piqueras J, et al. Imaging of complica-

tions of acute mastoiditis in children. Radiographics 2003;23:
359-72

Polat S, Aksoy E, Serin GM, et al. Incidental diagnosis of mastoiditis
on MRI. Eur Arch Otorhinolaryngol 2011;268:1135-38

Meredith J, Boyev K. Mastoiditis on MRI: fact or artifact? Ear Nose
Throat ] 2008;87:514—18

Groth A, Enoksson F, Hultcrantz M, et al. Acute mastoiditis in
children aged 0—16 years: a national study of 678 cases in Sweden
comparing different age groups. Int J Pediatr Otorhinolaryngol
2012;76:1494-500

Stalfors J, Enoksson F, Hermansson A, et al. National assessment of
validity of coding of acute mastoiditis: a standardised reassessment
of 1966 records. Clin Otolaryngol 2013;38:130-35

Kuczkowski J, Dubaniewicz-Wybieralska M, Przewozny T, et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Otitic hydrocephalus associated with lateral sinus thrombosis
and acute mastoiditis in children. Int ] Pediatr Otorhinolaryngol
2006;70:1817-23

Platzek I, Kitzler H, Gudziol V, et al. Magnetic resonance imaging in
acute mastoiditis. Acta Radiol Short Rep 2014;3:2047981614523415
Schaefer PW. Applications of DWT in clinical neurology. ] Neurol Sci
2001;186(suppl 1):525-35

Lai PH, Ho JT, Chen WL, et al. Brain abscess and necrotic brain
tumor: discrimination with proton MR spectroscopy and diffu-
sion-weighted imaging. AJNR Am ] Neuroradiol 2002;23:1369-77
Mukherji SK, Chenevert TL, Castillo M. Diffusion-weighted mag-
netic resonance imaging. / Neuroophthalmol 2002;22:118-22
Stadnik TW, Chaskis C, Michotte A, et al. Diffusion-weighted MR
imaging of intracerebral masses: comparison with conventional
MR imaging and histologic findings. AJNR Am ] Neuroradiol
2001;22:969-76

Unal O, Koparan HI, Avcu S, et al. The diagnostic value of diffusion-
weighted magnetic resonance imaging in soft tissue abscesses. Eur J
Radiol 2011;77:490-94

Vercruysse JP, De Foer B, Pouillon M, et al. The value of diffusion-
weighted MR imaging in the diagnosis of primary acquired and re-
sidual cholesteatoma: a surgical verified study of 100 patients. Eur
Radiol 2006;16:1461-67

Thiriat S, Riehm S, Kremer S, et al. Apparent diffusion coefficient values
of middle ear cholesteatoma differ from abscess and cholesteatoma
admixed infection. AJNR Am ] Neuroradiol 2009;30:1123-26

Leskinen K, Jero J. Acute complications of otitis media in adults.
Clin Otolaryngol 2005;30:511-16

AJNR Am J Neuroradiol 36:361-67  Feb 2015  www.ajnr.org 367



ORIGINAL RESEARCH
HEAD & NECK

Standardization of CT Depiction of Cochlear Implant

ABSTRACT

Insertion Depth

C.C. Colby, N.W. Todd, H.R. Harnsberger, and P.A. Hudgins

BACKGROUND AND PURPOSE: Imaging a cochlear implant with CT is challenging because of implant-induced artifacts, anatomic
cochlear variations, and lack of standard terminology for cochlear anatomy. The purposes of this project were to determine whether the
cochlear implant tip was more accurately located on oblique CT reformations than on standard images, to review radiology reports for
accurate cochlear implant locations, and to assess agreement between an implant surgeon and neuroradiologist by using standardized
cochlear anatomy terminology for cochlear implant depth.

MATERIALS AND METHODS: In this retrospective study, a neuroradiologist and an implant surgeon independently viewed temporal bone
CT images of 36 ears with cochlear implants. Direct axial images, standard coronal reformations, and oblique reformations parallel to the
cochlea were compared to determine implant tip location, which was described by using a proposed standardized quadrant terminology.
Implant locations were compared with the initial formal report generated by the original interpreting neuroradiologist.

RESULTS: Thirty-six temporal bones with cochlear implants underwent CT interpretation for implant location. Interobserver agreement
was similar when comparing cochlear implant tip location by using a quadrant nomenclature on axial and coronal images and on oblique
reformations. Clinical radiology reports all were imprecise and ambiguous in describing the location of the cochlear implant tip.

CONCLUSIONS: Accurate determination of insertion depth of the cochlear implant array can be determined by assessment of the
implant tip on axial, coronal, and oblique CT images, but description of the tip location can be inaccurate due to lack of standardized
terminology. We propose using a standardized terminology to communicate tip location by using the round window as the zero reference
and quadrant numbering to describe cochlear turns. This results in improvement in radiology report accuracy and consistency regarding

the cochlear implant insertion depth.

ABBREVIATION: CI = cochlear implant

maging of the cochlea is difficult due to its small size, oblique
axis, and anatomic variations within the temporal bone. When
a cochlear implant (CI) is in place, CT can be especially difficult
because of artifacts from the implant. Furthermore, the absence of
standard cochlear turn nomenclature renders radiology reports
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regarding CI insertion depth difficult to understand. Anatomic
descriptions of the cochlea vary throughout the basic science, ra-
diology, pathology, and otolaryngology literature. Otolaryngol-
ogy textbooks typically describe a basal turn, medial turn, and
apical turn, but cochlear turn language is not standardized across
all texts. Occasionally angle degrees, assuming 360° in a circle, are
used as a descriptor for the multiple turns, with the round window
niche as the zero-degree reference.’

Itisimportant to be able to describe the CI tip location because
electrode-array insertion depth and location are relevant factors
when considering hearing and speech outcomes following CI in-
sertion.'™* Audiologic outcomes are better when the electrode ar-
ray is inserted into the scala tympani, allowing better stimulation
of the spiral ganglion neural elements. Multidetector CT can de-
tect the scala tympani in cadaveric specimens,” but application to
routine clinical postimplantation imaging is limited. Multiple im-
aging methods have been used to determine CI electrode depth



postoperatively, including conventional radiology,* fluoros-
copy,” conebeam CT,° fusion of conventional radiography and
CT images,” and multidetector CT.>® Lecerf et al® showed that
midmodiolar reconstructed CT on cadaver temporal bones can be
used as an effective method for neuroradiologists to assess the
location of CIs in either the scala vestibuli or scala tympani with
high sensitivity and specificity. Ideally, the radiology report would
routinely include objective measures of the CI tip insertion depth
and a scalar chamber assignment so that these can be compared
against the clinically desired position of the electrode tip.

In 2010, a consensus panel comprising radiologists, otologists,
and researchers developed a cochlear coordinate system' to have
an objective method for comparing study and research outcomes
by using a standard description of the cochlea. The consensus
terminology developed for describing cochlear anatomy uses the
round window as the zero-degree point."' This 3D cylindric co-
ordinate system uses the basal turn of the cochlea as the x and y
planes and the center of the modiolus as the z-axis, with the zero-
degree point described as the round window.

In our experience, this standard description of cochlear anat-
omy is not routinely used in the radiology report and, in fact, has
not been emphasized in the radiology scientific literature. The
lack of standard terminology when describing cochlear anatomy
makes it nearly impossible to know from reading a radiology re-
port how far the electrode array extends into the cochlea. Current
clinical reports from radiologists often ambiguously describe how
far the electrode array extends into the cochlea, and they lack
consistent descriptions of the cochlea and implant array from one
radiologist to the next.

We had 3 goals: first, to determine whether the CI tip was more
accurately determined on direct axial images, standard coronal
reformations, or oblique CT reformations obtained parallel to the
basal portion of the first cochlear turn; second, to review the for-
mal CT interpretations to see whether the CI tip location was
accurately reported; and third, to assess agreement between an
implant surgeon and neuroradiologist when asked to identify the
Cl-array depth by using the 2010 consensus terminology.

MATERIALS AND METHODS
This institutional review board—approved retrospective study in-
cluded children younger than 18 years of age with CIs who under-
went CT of the temporal bones during a 5-year period. Thirty-six
temporal bones (33 children) with CIs were identified. Eighteen
of the patients were male; 15 were female. The average age at the
time of CT imaging was 8.4 years (range, 16 months to 16 years).
The imaging was performed, on average, 3 years following implan-
tation, with a range of 11 months to 11 years. Most of the implants
were Cochlear Corporation devices (Englewood, Colorado) (25/36),
with the remaining being MED-EL (Durham, North Carolina)
(6/36) and Advanced Bionics (Valencia, California) (5/36) devices.
All patients included had undergone cochlear implantation
for bilateral sensorineural hearing loss and were included regard-
less of cochlear anatomy. All CIs had been placed through a stan-
dard posterior tympanotomy, either through the round window
or within millimeters of the round window. All had complete
insertion achieved. The children underwent CT of the temporal
bone due to concern for implant function or in preparation for

FIG1. Oblique reformations along the plane of quadrant I. Axial CT,
right temporal bone, through the first cochlear turn, quadrant I, show-
ing the slab thickness for oblique reformations.

FIG2. Drawing of the cochlea with quadrants numbered. Drawing of
all cochlear turns, with the quadrants numbered I-X. Use of this ap-
proach in reporting the Cl tip will standardize discussion of implant tip
location. Courtesy of Eric Jablonowski, medical illustrator.

contralateral implantation. Images were obtained without intra-
venous contrast in the axial plane from immediately beneath the
mastoid tip to the top of the petrous apex (110 kV[peak]; 120 mA;
FOV, 17-18 cm; 0.625-mm section thickness). Axial source im-
ages were used to reconstruct coronal and oblique (along the
plane of the basal portion of the first turn of the cochlea, Fig 1) CT
images. If multiple scans were obtained in the study period, only the
most recent imaging was used for study purposes. Exclusion criteria
were imaging not performed at our tertiary care facility and images
with motion artifacts precluding adequate reformations.

A neuroradiologist and an implant surgeon independently re-
viewed 3 sets of images: the axial images, coronal reformations,
and oblique reformations along the plane of the basal portion of
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the first cochlear turn. All images were interpreted on a PACS.
Coronal reformations perpendicular to the axial images were per-
formed by the CT technologist and were submitted directly to the
PACS. The oblique reformations were created by the implant sur-
geon and the neuroradiologist, by using a postprocessing function
of the workstation. Both readers were blinded to implant function
and the implant tip location regarding the depth of the implant as
described on surgical notes. The location of the implant position
within the cochlea was described by using an approach based on
consensus terminology for standard terms regarding cochlear
anatomy.'? Results were recorded by using a 4-quadrant system
for each 360° turn of the cochlea (noted as numerals [-X), with the
round window as a zero-degree reference point (Fig 2). For exam-

FIG 3. A 7-year-old boy with a left-sided cochlear implant. Single
oblique reformation shows the Cl tip in quadrant IV.

Table 1: Agreement about quadrant of cochlear implant depth in 36 ears (33 patients)

ple, insertion into only the inferior quadrant of the first turn would
be termed “quadrant I,” insertion into the inferior quadrant of the
second turn would be termed “quadrant V,” and insertion into the
posterior quadrant of the second turn would be termed “quadrant
VII” insertion. The data obtained were then compared with the orig-
inal report that had been generated at the time of imaging by a neu-
roradiologist with a Certificate of Added Qualification. Interobserver
agreement between the implant surgeon and neuroradiologist was
determined for axial and coronal images, and for oblique reforma-
tions within the plane of the basal turn of the cochlea.

A consensus approach was used to resolve any cases in which
the reading of the implant tip differed by >2 quadrants.

Statistical Analysis. Interobserver agreement was determined by
using the Spearman rank correlation coefficient (Spearman r).

RESULTS

Interobserver agreement was excellent for the 3 planes assessed:
axial, coronal, and oblique reformations (Fig 3). Interobserver
agreements by expression of agreement among quadrants (Spear-
man r) are shown in Table 1. The implant surgeon’s and neuro-
radiologist’s readings did not differ by >2 quadrants in any given
patient. Readings that differed were usually because the implant
tip was near the interface between 2 quadrants.

Radiology reports for each CT study, written before the new
consensus terminology, ambiguously described how far the elec-
trode array extended into the cochlea. Examples of the description of
the CI array from radiology reports are demonstrated in Table 2.

DISCUSSION

Using consensus terminology, we sought to evaluate agreement
between an implant surgeon and neuroradiologist when asked to
identify CI insertion depth. Interob-
server agreement was excellent for direct

Expression of Agreement

axial and reformatted coronal planes

and oblique reformations in the plane of

Same 1-Quadrant 2-Quadrant 3-Quadrant .
Agreement of Concern Spearmanr Quadrant Difference Difference Difference ;he basa}lﬂportlon (2;11dran; 21 0‘f tlhe
Rdr 1: axial-coronal vs .90, P <.001 21 B 2 0 trst cochlear turn. Although G tip lo-
reformatted images cation could be determined by using
Rdr 2: axial-coronal vs .89, P <.001 20 15 1 0 the axial and coronal planes, the
reformatted images oblique images reformatted in the plane
Rfir] vs 2: axial-coronal .88, P <.001 16 18 2 0 of the basal portion of the first cochlear
images . . i
Rdr 1vs 2 reformatted .90, P <.001 16 16 4 0 turn helped to confirm tip location, usu
images ally on a single image. Both the otologic

Note:—Rdr indicates reader.

Table 2: Examples from dictations by neuroradiologists interpreting temporal bone CT

obtained for Cl position

surgeon and the neuroradiologist sub-
jectively thought that the implant tip
was easier and faster to determine on the

Examples

oblique reformations, though this opin-

“Enters the cochlea at the basal turn via the cochlear promontory and extends to the apical

half turn.”
“Left cochlear implant in place.”

“Implant lead then enters the round window, passes into the cochlea and terminates near

the apical half turn.”
“Electrode intact and normal in course.”

“Electrode continues to the cochlea where it has appropriate turns.”
“Enters the basal turn of the cochlea, looping within the cochlea, and terminating near the

apex.”
“It extends to, but does not go through, the aperture.”

“Through the round window and filling the basal and middle turns of the cochlea.”

ion was not objectively measured. We
believe the use of standardized terminol-
ogy allowed the observers to more ac-
curately describe the location of the
implant array and resulted in less
uncertainty when describing cochlear
anatomy.

Clinical radiology reports written
without using consensus terminology
have ambiguously described how far the
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electrode array extended into the cochlea (Table 2), making it
nearly impossible for the reader to consistently determine the
exact location of the CI insertion depth. The electrodes on the CI
can often be seen and even counted on the CT scan, but it may be
difficult to see each electrode, depending on the manufacturer.
The CI tip, however, can always be appreciated on CT. The com-
plex anatomy of the cochlea and individual differences in size,
form, and location within the temporal bone often add to the level
of difficulty in accurately describing the location of the electrode
array. Most implant surgeons probably review the CT scans them-
selves, but a more accurate written interpretation in the medical
record is obviously necessary.

Factors that affect CI function include both patient and im-
plant variables. For example, the duration of hearing loss and the
age of implantation are patient-related factors that affect CI out-
comes.'> While early research suggested that the depth of inser-
tion of the CI was an important variable affecting function, more
recent data show that consideration of depth alone is an oversim-
plification of assessing CI function. In fact, one article has shown
poorer function as the depth of insertion increases.” Implant
function may be affected by whether the implant is in the scala
tympani, as opposed to the scala vestibuli or if it hugs the modi-
olus, as opposed to being lateral in the cochlea. High-resolution
CT has been able to predict the scala location of the implant.>®
Although this has been described in postmortem temporal bones
on CT, it is possible that the scalar location will be routinely de-
termined in vivo. Therefore, as understanding of variables affect-
ing CI function progresses, imaging interpretation will likely go
beyond simply describing the location of the implant tip.

Use of the consensus terminology enables multiple experi-
enced viewers to communicate implant-array location with less
ambiguity than previous methods.'® Throughout the literature,
especially when comparing otolaryngologic and radiologic text-
books, descriptions of cochlear anatomy vary significantly. This
variation is especially seen when the cochlea is malformed, with-
out the usual number of turns. Our population did not include
severely malformed cochleas, and the quadrant nomenclature
could not be used in severely malformed cochleas because it
would not be directly applicable. Along with consensus terminol-
ogy, we have found that easier determination of the insertion
depth of CI arrays and more effective description of insertion
depth are enabled by cochlea-specific reformation planes set in
the plane of the cochlea and by using the round window niche as
the zero reference. As implant technology progresses, the neuro-
radiologist may be asked to be more precise about implant loca-
tion in the cochlea, and a quadrant approach to describe implant
tip location can serve as the basis for those interpretations.

CONCLUSIONS

CT reformations parallel to the cochlear turns and use of stan-
dardized terminology regarding cochlear anatomy facilitated
consistent reporting of the depth of the CI insertion. We propose

universal use of standard terminology by using a numeric quad-
rant approach instead of naming individual cochlear turns. Until
such a system of standard terminology for reporting CI insertion
depth is adopted, comparisons regarding insertion depth and
clinical outcomes among various research articles will remain
problematic.
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Radiologic and Functional Evaluation of Electrode Dislocation
from the Scala Tympani to the Scala Vestibuli in Patients with
Cochlear Implants

N. Fischer, L. Pinggera, V. Weichbold, D. Dejaco, J. Schmutzhard, and G. Widmann

ABSTRACT

BACKGROUND AND PURPOSE: Localization of the electrode after cochlear implantation seems to have an impact on auditory outcome,
and conebeam CT has emerged as a reliable method for visualizing the electrode array position within the cochlea. The aim of this
retrospective study was to evaluate the frequency and clinical impact of scalar dislocation of various electrodes and surgical approaches
and to evaluate its influence on auditory outcome.

MATERIALS AND METHODS: This retrospective single-center study analyzed a consecutive series of 63 cochlear implantations with
various straight electrodes. The placement of the electrode array was evaluated by using multiplanar reconstructed conebeam CT images.
For the auditory outcome, we compared the aided hearing thresholds and the charge units of maximum comfortable loudness level at
weeks 6, 12, and 24 after implantation.

RESULTS: In 7.9% of the cases, the electrode array showed scalar dislocation. In all cases, the electrode array penetrated the basal
membrane within 45° of the electrode insertion. All 3 cases of cochleostomy were dislocated in the first 45° segment. No hearing
differences were noted, but the charge units of maximum comfortable loudness level seemed to increase with time in patients with
dislocations.

CONCLUSIONS: The intracochlear dislocation rate of various straight electrodes detected by conebeam CT images is relatively low.
Scalar dislocation may not negatively influence the hearing threshold but may require an increase of the necessary stimulus charge and
should be reported by the radiologist.

ABBREVIATIONS: CI = cochlear implant; CBCT = conebeam CT

he number of cochlear implantations is increasing rapidly,

with improved hearing performance and speech recognition
with time. Nevertheless, the auditory outcome varies among in-
dividuals, with the causes of this variability investigated in many
studies with different results.'

The duration and cause of deafness are probably the most
important factors contributing to the variability of outcomes.>*°
Additionally, motivation and cooperation of the patients have a
strong influence on hearing performance.” The electrode-modi-
olus distance and the preservation of inner ear structures are also

important factors.®*°
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In patients with adequate hearing in the low-frequency spec-
trum, the preservation of inner ear structures is important. There-
fore, electrodes for atraumatic insertion were developed in recent
years. Furthermore, different insertion techniques have been
compared. Rajan et al® showed that a slow electrode insertion
speed can promote preservation of residual hearing. The favored
operation technique is electrode access through the round win-
dow membrane. Alternatively, the electrode can be placed
through a cochleostomy.

After surgery, the final placement of the electrode array within
the cochlea can be documented with conebeam CT (CBCT). Due
to the high resolution and low influence of metal artifacts, CBCT
has emerged as a reliable technique in scalar localization of the
electrode array, showing a sensitivity of 100% and specificity of
90%.""

According to Aschendorff et al," the intracochlear localization
of the electrode has a significant impact on speech recognition.
Insertion of the electrode array in the scala tympani is associated
with a better outcome than insertion in the scala vestibuli. In



Table 1: Summary the electrode arrays used

Electrode Array
Name Length (mm) Flexibility
FLEXsoft 31 Soft, single contact tip
FLEX 28 28 Soft, single contact tip
FLEX 24 24 Soft, single contact tip
Standard 31 Double contact tip

addition, an intracochlear dislocation from the scala tympani to
the scala vestibuli is related to decreased function. According to
Shepherd et al,'* terminal sensorineural structures and spiral gan-
glia are more likely to be damaged when the electrode array is
located in the scala vestibuli. In contrast to the 2 previous studies,

1'* could not find a correlation between the electrode

Wanna et a
location and auditory performance. More information on the fre-
quency and clinical impact of the radiologic findings of a scalar
dislocation of various electrodes and surgical approaches is
needed.

The aim of this study was to analyze the intracochlear disloca-
tion rate of various Med-EL electrodes (Innsbruck, Austria) and
insertion depth by using CBCT and to correlate the relationship
between electrode position in the cochlea and influence on aided
hearing performance after implantation.

MATERIALS AND METHODS

Basic Settings and Enrolled Patients

We analyzed cochlear implantations with various straight elec-
trodes of different lengths and flexibility manufactured by
Med-EL at the Department of Otorhinolaryngology, Medical
University Innsbruck, in a retrospective manner. The electrode
arrays used are listed in Table 1.

Radiologic Evaluation

In all patients, the placement of the electrode array was evaluated
the day after surgery, using CBCT, by a head and neck radiologist
with 10 years’” experience.

The system used was a CBCT scanner, KaVo 3D eXam (KaVo
Dental, Biberach/Rif}, Germany), by using the following protocol:
120 kVP; 37.07 mAs; voxel, 0.2 (0.2 X 0.2 X 0.2 mm); matrix,
768 X 768; FOV, 16 X 8 cm; rotation time, 26.9 seconds. The
images were exported in DICOM format to a PACS and viewed by
using Impax EE software (Agfa-Gevaert, Mortsel, Belgium) on a
high-resolution diagnostic color LCD monitor CCL254i (Totoku
Europe, Monchengladbach, Germany). Multiplanar reconstruc-
tions were obtained by using the basal cochlear turn as a horizon-
tal reference plane and a perpendicular vertical plane through the
cochlear apex.

The location of the electrode array entry was evaluated as fol-
lows: 1) round window, 2) cochleostomy.

The position of the electrode array within the cochlea was
described according to the intended positioning within the tym-
panic scala: 0 = tympanic scala, no dislocation, 1 = dislocation
into the vestibular scala at 0°-45°, 2 = dislocation into the vestib-
ular scala at 46°-90°, 3 = dislocation into the vestibular scala at
91°-135°, and so forth. Other dislocations, such as into the inter-
nal auditory canal or hypotympanic space, were morphologically
described.

The insertion depth of the electrode array was evaluated in the

FIG 1. Definition of the insertion depth of the Cl according to the
radial position of the tip: 1 = 0°-45°, 2 = 46°-90°, 3 = 91°-135°, 4 =
136°-180°, 5 = 181°-225°, 6 = 226°-270°, 7 = 271°-315°, 8 = 316°-360°,
9 = 361°-405°,10 = 406°-450°, 11 = 451°—495°, 12 = 496°-540°,13 =
541°-585°, 14 = 586°-630°, 15 = 631°-675°,16 = 676°—720°,17 = 721°—
765°,18 = 766°-810°, 19 = 811°-855°, 20 = 856°-900°.

horizontal reference plane by using maximum intensity projec-
tion reconstructions with a 5>-mm section thickness. The insertion
depth was defined according to the radial position of the tip.
Therefore, the cochlea was divided into 20 segments of 45° each
(Fig 1).

Evaluation of Hearing Performance
The hearing thresholds of the cochlear implant (CI)-aided ear
were assessed at frequencies 0.125/0.250/0.500/0.750/1/1.5/2/4/
6/8 kHz under free field conditions. Patients were situated in a
soundproof room with their CI in the tested ear activated and the
device in the contralateral ear (if present) deactivated. Narrow
band noises or warble tones with the above center frequencies
were delivered from an audiometer via a loudspeaker located at a
distance of 1 m in front of the patient. The level of the stimuli was
calibrated according to European standards of EN 8253-3. The
hearing thresholds were determined according to standard pro-
cedures used in audiometry.

For this study, we evaluated hearing threshold measurements
obtained at 3 subsequent fitting sessions:

1) Six weeks after implantation (ie, 2 weeks after first activation
of the speech processor)

2) Three months after implantation

3) Six months after implantation.

In a second step, the charge units of maximum comfortable
loudness level of the 2 groups were compared. The charge units
after 6 weeks and 3 and 6 months were analyzed.

Furthermore, a retrospective evaluation was performed of the
speech recognition tests used.

Statistical Analysis

In the group of patients with regular electrode insertions, statistics

were calculated and used for comparison. Expecting a low num-

ber of dislocations, we planned an individual data evaluation.
Each frequency of the aided hearing threshold was analyzed

separately. Frequency-specific thresholds of controls were aver-

aged and depicted as a boxplot, indicating the median, the second
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FIG 2. Regular position of the electrode array. A, One-millimeter MIP reconstruction of the
cochlea shows the basal turn (bt), medial turn (mt), and apical turn (at). The position of the
electrode array is clearly identified in the scala tympani (the scala tympani is basal; the scala
vestibuli is apical). B, The insertion depth by using 5-mm MIP reconstruction in the horizontal
reference plane reaches position 11, which refers to 451°-495° (Fig 1). All 12 electrodes (dots) can be

identified on the electrode array.

FIG 3. Scalar dislocation. A, One-millimeter MIP reconstruction of the cochlea showing the basal

were equipped with a CI system includ-
ing an electrode: either the FLEX 28
(63.5%), FLEX 24 (3.2%), FLEXsoft
(11.1%), or Standard (22.2%; Med-EL).

Radiologic Evaluation

CBCT allowed clear visualization of the
electrode array in the cochlea. The 12
electrodes on the array could be identi-
fied in all examinations (Fig 2B). On ra-
diologic examination, in 5 of these im-
plantations, an electrode dislocation was
verified. The remaining 58 showed no
signs of electrode misplacement and
hence served as a control group for the
assessment of the effects of a displaced
electrode.

Electrode Dislocations

In 5 patients (7.9%), the electrode array
was dislocated from the scala tympani to
the scala vestibuli (Fig 3). The electrode
array penetrated the basal membrane in
the first 45° segment of the cochlea in all
cases. The electrode was the FLEX 28 in
all dislocated cases.

In the 3 included cochleostomy
cases, the electrode dislocated from the
scala tympani to the scala vestibuli
(Fig 4).

turn (bt), medial turn (mt), and apical turn (at). The position of the electrode array is clearly

identified in the scala tympani. B, A cut along the basal turn demonstrates the scalar dislocation
from the scala tympani (basal, white arrowhead) into the scala vestibuli (apical, black arrowhead)

within the first 45° of insertion.

and third quartiles (the box), and the range between the upper
and lower extremes (the error bars).

Hearing thresholds of patients with electrode dislocation were
individually compared with the findings from the control group.
Their frequency-specific thresholds were added as points beside
the boxplots to show their positions in relation to those of the
group with regular inserted electrodes. Hearing thresholds were
considered normal (ie, corresponding to those of the controls) if
lying within the lower and upper extremes (ie, the error bars of the
boxplot). Hearing thresholds beyond the extremes were consid-
ered abnormal.

RESULTS

Sixty-three cochlear implantations of 59 adult patients were ana-
lyzed in this study. The patients were 7—85 years of age at implan-
tation (mean, 51 * 19.8 years). In the group with electrode dislo-
cation, the mean age was 57 years; in the other group, it was 51
years; 52.5% were male and 47.5% female. The duration of deaf-
ness before implantation showed a large variability and ranged from
>50 years to <1 year. In most cases, it was a progressive process, so
the duration of deafness could not be determined exactly, butin both
groups, the duration of deafness was similar. All patients had
received the CI for the first time (no re-implantation) and
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Electrode Depth

In 95.2% (n = 60), the electrode was in-
serted through the round window, and
in 4.8% (n = 3), a cochleostomy was
performed. The shortest insertion depth was between 226° and
270°, and the deepest was nearly up to the helicotrema (855°). The
mean insertion depth was between 451° and 495°, which refers to
approximately 1 and one-half turns. Figure 2 shows the regular
placement of the electrode.

Auditory Performance
In patients with a scalar dislocation of the electrode array, the
mean hearing threshold 12 weeks after implantation at 1000 Hz
was 38.8 = 10.3 dB; in patients with a regularly positioned elec-
trode array, the mean hearing threshold was 40.8 = 10.0 dB.

After 24 weeks, the mean hearing threshold at 1000 Hz in
patients with scalar dislocation was 34.0 = 10.2 dB, and without
dislocation, 38.2 = 7.9 dB.

Table 2 shows the mean hearing thresholds at weeks 6, 12, and
24 after implantation in all patients.

Frequency-specific hearing thresholds of controls at 6, 12, and
24 weeks are shown by the boxplots in Fig 5A—C. The hearing
thresholds of the 5 patients with electrode dislocation are added as
points. Fewer than 5 points (eg, Fig 5B) indicate missing data.

The graphic visualizations show that the hearing thresholds of
the 5 ears with dislocation are within the extremes of the control
group. This means that the hearing thresholds in ears with elec-



FIG 4. Atypical position of the electrode array. A, The electrode is inserted via cochleostomy
(white arrow) and enters the basal cochlear turn from the scala vestibuli (apical, black arrowhead)
into scala tympani (basal, white arrowhead). B, In the following course of the basal turn, the
electrode array dislocates into the scala vestibuli. C, In the middle turn, the electrode array is
clearly identified in the scala vestibuli. D, The insertion depth reaches position 8, which refers to

316°-360°, and the tip shows a kinking at the last electrode element.

Table 2: Mean hearing thresholds at weeks 6, 12, and 24 after
implantation

250 Hz 1000 Hz 4000 Hz 8000 Hz
After 6 weeks 38.8 =103dB 43.6 =1.1dB 44.6 = 44.6dB 47.0 £15.0dB
After 12 weeks 352 +99dB 41.0+10.1dB 40.0 =10.1dB 44.5 *16.6 dB
After 24 weeks 33.9 =88dB 37.8+82dB 381+98dB 386 +125dB

trode dislocation do not differ from those in the ears with correct
electrode positions.

At week 6, the mean values of the charge units of maximum
comfortable loudness were equal in both groups (13.6 = 6.4
versus 13.5 & 3.1). After 12 weeks, the charge units increased in
patients without dislocation to 17.4 = 7.1, and in patients with
an electrode displacement, to 21.5 = 11.2. At week 24, the
differences between the 2 groups were even higher: 19.6 = 10.3
without dislocation and 26.2 % 11.7 in the other group (Fig
5D-F).

A reliable evaluation of the speech recognition tests was not
possible in the selected test population because of the variety of
patients. One of the included patients had bilateral implantation.
One side was positioned adequately in the scala tympani, and the
other side was dislocated in the scala vestibuli. The results are
shown in Fig 6.

DISCUSSION

This study investigated the electrode array location after cochlear
implantation on multiplanar reconstructed CBCT images by us-
ing the basal cochlear turn as the horizontal reference plane and a
perpendicular vertical plane through the cochlear apex. Accord-

ing to the histologic study of Marx et
al,'! the electrode position within the
cochlea can be reliably identified. When
one knows that in multiplanar recon-
structions, the tympanic scala is basal
and the vestibular scala is apical, the lig-
uid-filled space is seen above the elec-
trode array when the electrode is located
correctly in the scala tympani.

The electrodes
known for the variety of soft, flexible ar-

investigated are

rays that were optimized for structure
preservation. In 5 of 63 implantations
(7.9%), however, the electrode array dis-
located from the scala tympani to the
scala vestibuli. In 3 of the 5 dislocated
cases, the electrode array had been in-
serted through a cochleostomy; only 3.3%
of all electrodes dislocated following
round window insertion. This finding
suggests that electrode insertion through a
cochleostomy has a higher risk for elec-
trode array dislocation.

These data support the results of
Adunka et al,'* who showed, in 2004, that
cochleostomy has a higher risk of destruc-
tive basal trauma (48%) compared with
performing round window membrane in-
sertions (15%).

In all cases, the electrode array penetrated the basal membrane in
the first 45° segment of the cochlea. Choosing the wrong angle during
insertion of the electrode array could be the underlying cause.

Trauma to inner ear structures ranges from displacement of the
basilar membrane to fracture of the osseous spiral lamina, tearing of
the basilar membrane or spiral ligament, and deviation of the elec-
trode array into the scala media or scala vestibuli. Rebscher et al,"
who tested the insertion damage in correlation to the stiffness of 8
different models of electrode arrays, showed that electrode arrays
with proportionately greater stiffness in the vertical plane were less
likely to produce severe trauma during insertion. Severe damage,
defined as an electrode array dislocation from the scala tympani into
the scala media or scala vestibuli, varied in straight electrodes from
0% to 37.5% and in spiral types from 0% to 38.9%.

Compared with these dislocation rates, the electrode disloca-
tion rate of the straight electrodes analyzed in this study was rel-
atively low.

All 5 dislocations involved the FLEX 28 array, which was the
most represented electrode in our cases (63.5%). Furthermore,
the standard approach is a round window insertion. An electrode
insertion via cochleostomy is the second choice only if an ade-
quate exposure of the round window cannot be achieved. The
predominance of the dislocations in cochleostomy cases can be
explained by a more difficult surgical approach, resulting in a
steeper insertion angle. The dislocation rate did not significantly
correlate with the insertion depth.

The hearing threshold after cochlear implantation depends on
the comprehensive postoperative fitting and tuning of the audio pro-
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FIG 5. A-C, The boxplots represent the hearing thresholds of the control group. The hearing thresholds of the 5 patients with electrode
dislocation are added as points beside the boxplots. Frequency-specific hearing thresholds of controls at 6 weeks after implantation (A), at 3
months after implantation (B), and at 6 months after implantation (C). D—F, The boxplots show the charge units of maximum comfortable
loudness levels. The symbols beside the boxplots show the 5 patients with electrode dislocation. The charge units after 6 weeks (D), 12 weeks

(E), and 24 weeks (F).

FIG 6. The speech audiometry of a patient with a dislocated Cl on the left side 9 months after
surgery and a normally inserted electrode array on the right side 18 months after surgery. No
differences in the speech performance could be noted in either ear for the understanding of

numbers and monosyllables.

cessor by experienced clinical personnel. The loudness has to be
adapted in small steps, by the decreasing the thresholds with time.
Some patients will not tolerate a hearing threshold <40 dB even after
intensive training for years. The reason is mostly unknown. Accord-
ing to Aschendorff et al,! the electrode dislocation, which is associ-
ated with a rupture of the basal membrane, has an impact on the
postoperative hearing threshold. However, in our study, pa-
tients with a dislocation of the electrode array had approxi-
mately the same hearing threshold compared with patients
without a dislocation (38.8 versus 40.8 dB after 12 weeks, 34.0
versus 38.2 dB after 24 weeks) (Fig 54-C).
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The efficiency of an intracochlear elec-
trode is considered higher if the stimulat-
ing elements are positioned close to the
site of neural activation. Electrode arrays
designed to position stimulating contacts
near the modiolus appear to operate with
lower current thresholds than previous
devices that were located closer to the lat-
eral wall of the scala tympani.'>'” The
charge units of maximum comfortable
loudness level of the 2 groups were com-
pared to determine whether an electrode
dislocation was associated with higher
stimulus charges.

The graphic visualizations (Fig 5D—F)
show that charge units of maximum com-
fortable loudness levels of the 5 ears with
dislocation at the first fitting are within the
extremes of the control group. However, it
seems that after 6 months, the required
stimulus charge increased in patients with dislocation compared with
the control group (Fig 5). The reason could be that the damage of the
delicate inner ear structures creates a higher fibrosis.

These findings show that a postoperative control of the elec-
trode position is also important for the fitting, because an increase
of the necessary stimulus charge sometimes can be explained by
the electrode array dislocation.

Of course, for the patient, the speech recognition is more im-
portant than the hearing threshold. However, previous research
has shown that lower sound field thresholds with ClIs correlate

significantly with better speech recognition.'®>°



A critical reflection on the study design reveals the lack of speech
data. Because of the retrospective study design, speech recognition
tests were not performed in all patients at the same time. A second
reason was that some patients did not reach open-set speech recog-
nition within the evaluated time. The preoperative speech recogni-
tion varied greatly within the study population. Because of the com-
plex pathophysiologic interrelations of speech recognition, which are
influenced by many factors such as duration and cause of deafness,
the age of patients, and, in particular, nonobjectified factors such as
motivation and cooperation and factors not yet fully known at the
time, a larger study population is necessary to analyze the effects of
the electrode dislocation on speech recognition. Therefore, it is very
difficult to have 2 matched reference groups that have the same basic
comparable conditions. This factor could be the reason for the vari-
ety of results published.>>°

An interesting finding is that in 1 patient who had bilateral
implantation, CBCT showed that the electrode array inserted into
the left cochlea was dislocated into the scala vestibuli and the tip
showed a kinking at the last electrode element. On the right side,
the electrode was located correctly in the scala tympani. No dif-
ference could be observed between the 2 ears. Neither the speech
recognition test results nor the hearing thresholds varied. Most
interesting, the charge units of the maximum comfortable loud-
ness level at the first fitting in the dislocated ear were slightly
higher and increased further after 6 months.

Wanna et al'? compared the audiologic outcomes of patients
with bilateral implants. No differences of speech recognition be-
tween both ears could be found, even when the electrode array
was dislocated on 1 side. A limiting factor of this study was the
small number of included individuals. Nevertheless, this study
supports our findings.

Precise localization of the electrode array may only be ob-
tained in the basal turn of the cochlea and decreases along the
medial and apical turns.>' Normal cochlear anatomy should not
be obscured by the underlying disease process.”> Advantages of
CBCT over multisection CT are lower radiation dose, less influ-
ence of metal artifacts, higher special resolution, and better visu-
alization of the individual electrodes.*?

CONCLUSIONS

CBCT multiplanar reconstruction imaging is an excellent tool for
assessing cochlear implants and may show scalar dislocation of
the CI electrode arrays within the first 45° segment. Various
straight flexible electrodes have a low risk of dislocation into the
scala vestibuli. However, patients requiring a cochleostomy for
the electrode insertion may have a higher risk of experiencing a
dislocation compared with patients with round window mem-
brane insertions. Electrode array dislocation may have no nega-
tive effect on the hearing threshold but may require an increase of
the necessary stimulus charge. The insertion and position of the
electrode array in the cochlea should be reported by the
neuroradiolgist.
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Visualization of Human Inner Ear Anatomy with
High-Resolution MR Imaging at 7T: Initial Clinical Assessment

M.A. van der Jagt, W.M. Brink, M. Versluis, S.C.A. Steens, JJ. Briaire, A.G. Webb, J.H.M. Frijns, and B.M. Verbist
O

ABSTRACT

BACKGROUND AND PURPOSE: In many centers, MR imaging of the inner ear and auditory pathway performed on 1.5T or 3T systems is
part of the preoperative work-up of cochlear implants. We investigated the applicability of clinical inner ear MR imaging at 7T and
compared the visibility of inner ear structures and nerves within the internal auditory canal with images acquired at 3T.

MATERIALS AND METHODS: Thirteen patients with sensorineural hearing loss eligible for cochlear implantation underwent examinations
on 3T and 7T scanners. Two experienced head and neck radiologists evaluated the 52 inner ear datasets. Twenty-four anatomic structures
of the inner ear and 1 overall score for image quality were assessed by using a 4-point grading scale for the degree of visibility.

RESULTS: The visibility of 11 of the 24 anatomic structures was rated higher on the 7T images. There was no significant difference in the
visibility of 13 anatomic structures and the overall quality rating. A higher incidence of artifacts was observed in the 7T images.

CONCLUSIONS: The gainin SNRat 7T yielded a more detailed visualization of many anatomic structures, especially delicate ones, despite
the challenges accompanying MR imaging at a high magnetic field.

ABBREVIATION: SNHL = sensorineural hearing loss

P atients with sensorineural hearing loss (SNHL) have malfunc-
tion of the inner ear, cochlear nerve, or central auditory path-
way. Treatment consists of amplification of sound or, in case of
severe-to-profound SNHL, direct electrical stimulation of the co-
chlear nerve by a cochlear implant. MR imaging of patients with
SNHL focuses on the integrity of the auditory pathways from
the cochlea to the auditory cortex in the brain. In particular, the
fluid-filled spaces of the labyrinth and internal auditory canal and
the cerebellopontine angle are of interest because the most com-

Received April 28, 2014; accepted after revision June 9.

From the Departments of Otorhinolaryngology (M.A.v.dJ.,}).B., JH.M.F.) and Radi-
ology (W.M.B, MJ.V., AG.W., BM.V.), CJ. Gorter Center for High-Field MRI (W.M.B.,
MJ.V., A.G.W.), and Leiden Institute for Brain and Cognition (.H.M.F.), Leiden Uni-
versity Medical Center, Leiden, the Netherlands; and Department of Radiology
(S.C.A.S.,, BM.V.), Radboud University Medical Center, Nijmegen, the Netherlands.

This work was supported by Advanced Bionics.

Paper previously presented as a poster at: Conference on Implantable Auditory
Prostheses, July 14-19, 2013; Lake Tahoe, California; as an oral presentation in Dutch
at: Annual Ear, Nose, and Throat meeting, November 15, 2013; Maastricht, the
Netherlands.

Please address correspondence to Johan H.M. Frijns, MD, PhD, Department of Oto-
rhinolaryngology, Leiden University Medical Center, PO Box 9600, 2300 RC Leiden,
the Netherlands; e-mail: J.H.M.Frijns@lumc.nl

O Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A4084

378 van der Jagt Feb 2015 www.ajnr.org

monly identified pathologies that cause SNHL are found in these
regions.'”

One clear trend in the development of MR imaging systems
has been the drive to higher magnetic field strengths.® For clinical
inner ear scanning, MR imaging scanners with a magnetic field
strength of 1.5T or 3T are routinely used. The relatively recent
introduction of commercial 7T scanners potentially enables an
increased SNR, resulting in more detailed imaging of anatomic
structures. Concerning inner ear imaging, the visualization of
delicate and small-sized inner ear structures might benefit
from such high-resolution imaging. This may result in new op-
portunities for obtaining normative measurements and evaluat-
ing pathologic alterations within the inner ear or associated
nerves. Such detailed anatomic depiction has caused particular
interest for assessment of candidates for cochlear implants be-
cause it gives decisive information on implantation feasibility,
possible surgical risks, and choice of implant device. As such, it
would aid in patient-specific preoperative planning of cochlear
implantation and could provide valuable information for individ-
ualized assessment of insertion.

Transition from a conventional 3T scanner to a stronger 7T
scanner is challenging, however, due to technical complexities
accompanying the higher magnetic field strength.® One of these
technical complexities is the increased inhomogeneity of the static



Demographic details of studied patients (N = 17)

No.
Sex
Male 8
Female 9
Pathologic imaging reporting
Cochlea malformation ?
Hypoplasia acoustic nerve ?
Fenestrel otosclerosis 1
Labyrinthitis ossificans 1
None 14
Etiology
Congenital
Pendred syndrome 1
Of unknown origin 5
Acquired
Sudden deafness 2
MIDD 1
Otosclerosis 2
Rubella infection 2
Unknown 4
Duration of deafness, years (mean) 23.2

Note:—MIDD indicates maternally inherited diabetes and deafness.
@ Same patient.

(B,) and radiofrequency (B,) fields, typically featuring areas of
low B, close to the temporal lobes. The B, inhomogeneities are
caused primarily by the susceptibility difference between inner ear
fluids and the surrounding bone, and the B, inhomogeneities, by
the elliptic shape of the head.” Both of these effects can result in
loss of signal in the inner ear region as previously described by
Takahara et al® and van Egmond et al.” Additionally, the specific
absorption rate, for which regulatory safety limits are defined,
scales approximately quadratic with field strength, ultimately lim-
iting the imaging speed at high fields in vivo. Recently, we intro-
duced geometrically tailored dielectric pads to locally tailor the B,
distribution. These improved contrast homogeneity and transmit
efficiency in the region of the inner ear without increasing the
specific absorption rate, which contributed to the development of
a high-resolution imaging protocol at 7T."°

The aim of this study was the following: 1) to investigate the
feasibility of clinical inner ear imaging at 7T MR imaging, and 2)
to compare the visibility of inner ear structures and nerves within
the internal auditory canal with images acquired at 3T.

MATERIALS AND METHODS

Patients

This prospective study was approved by the hospital institutional
review board (P07.096). Patients with SNHL, eligible for cochlear
implantation and referred for 3T imaging between December
2012 and May 2013, were asked to participate in the study. Exclu-
sion criteria were age younger than 18 years and contraindications
for exposure to the magnetic field. Seventeen candidates for co-
chlear implantation were enrolled in the study, 9 women and 8
men between 27 and 78 years of age. Etiology and the duration of
hearing loss are described in the Table. All patients underwent
MR imaging at 3T as part of the standard work-up for cochlear
implantation. After giving written informed consent, 16 patients
underwent an examination at 7T; 1 patient was excluded due to an
intracranial foreign body of unknown composition. Three other
patients were excluded after the scanning procedure due to the

following reasons: Scans of 2 patients were incomplete due to
premature termination of the scanning procedure due to an un-
specified technical defect, and the scanning procedure of 1 patient
had to be aborted due to claustrophobia. After the procedure,
patients were asked if they had dizziness because this is a fre-
quently reported but temporary side effect of scanning at 7T.

Imaging Technique

All patients underwent examination on an Achieva or Ingenia 3T
system (Philips Healthcare, Best, the Netherlands) as part of the
standard preoperative work-up. The following scan parameters
were used for the T2-weighted TSE sequence: FOV = 130 X
130 X 24 mm, 0.6-mm? isotropic voxels, TR/TE/TSE factor =
2400 ms/200 ms/73, and 80 sections, resulting in an acquisition
time of approximately 6 minutes. In addition, all patients were
scanned on an Achieva 7T system (Philips Healthcare) as de-
scribed by Brink et al,'° by using a quadrature transmit and 32-
channel receive coil (NM008A-7P-012; Nova Medical, Wilming-
ton, Massachusetts). To improve contrast homogeneity and
transmit efficiency, we positioned 2 sex-specific high-permittivity
pads containing a suspension of barium titanate and deuterated
water next to both ears.'® High-resolution T2-weighted images
were acquired by using the following parameters: FOV = 180 X
180 X 24 mm, 0.3-mm” isotropic voxels, TR/TE/TSE factor =
3000 ms/200 ms/69, tip angle/refocusing angle = 90°/135°, paral-
lel imaging reduction factor = 2.5 X 1.5, and 160 sections. These
resulted in an acquisition time of approximately 10 minutes.

Image Analysis

The high-resolution T2-weighted images acquired at both 3T and
7T were transferred to an OsiriX DICOM viewer (http://www.
osirix-viewer.com)."' The images were anonymized and pre-
sented in randomized order. Evaluation was performed by 2 head
and neck radiologists with 5 and 13 years of experience, respec-
tively. Twenty-four anatomic structures of the inner ear were as-
sessed by using a 4-point grading scale for the degree of visibility
for diagnostic evaluation: 1 = not assessable, 2 = poor, 3 = ade-
quate, 4 = excellent. The structures selected were those most rel-
evant for cochlear implantation. In addition, we designated an
overall score for diagnostic image quality: 1 = not diagnostic, 2 =
poor, 3 = adequate, 4 = excellent. Both ears were evaluated sep-
arately. Subsequently, the scores of the 2 ears and 2 observers were
averaged and normalized into a parameter between 0 and 1. An
overview of the anatomic structures and their difference in rating
is shown in Fig 1. The numbers I, II, and III refer to the basal,
mid-, and apical turns, respectively.

Statistical Analysis

Statistical analysis was performed by using SPSS (IBM, Armonk,
New York). To study the influence of observed asymmetric signal
intensity between the right and left inner ears on the 7T images,
we performed a linear mixed model. Statistical differences per
anatomic structure between the 3T and 7T scanners were deter-
mined by using a Wilcoxon signed rank test. The interrater vari-
ability was determined by the Cohen k coefficient. All tests were
2-tailed, and P < .05 was considered a statistically significant
difference.
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FIG 1. Mean differences in scoring of anatomic structures depicted at 3T and 7T. The bars on the right side of the zero line indicate differences
in favor of the 7T images. The bars on the left side indicate differences in favor of the 3T images. The structures showing significant differences
are marked with an asterisk on the left, and P values are mentioned if significant.

FIG 2. Axial cross-section of a right inner ear, rendered at 3T (A) and 7T (B); improved
discrimination of the intracochlear structures and compartments is shown. In addition,
sharper delineation of the nerves in the internal auditory canal is demonstrated. The single
arrow indicates the scala media at the first turn. The double arrows indicate the superior

ampullary nerve.

RESULTS

Twenty-six inner ears of 13 patients were available for image anal-
ysis. The occasionally observed asymmetric signal intensity on
some of the 7T images did not result in a significantly different
rating of the right and left inner ears (P = .215). Therefore, no
distinction between inner ear sides was used for analysis. Because
24 anatomic structures per inner ear were evaluated on T2-
weighted images acquired on 3T and 7T scanners plus an addi-
tional score for overall image quality, this process resulted in 2600
ratings applied by the 2 observers together. The ratings were av-
eraged over ear and observer, leaving 650 ratings for statistical
analysis. The visibility of 11 of the 24 anatomic structures was
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rated higher on the 7T images. None of
the anatomic structures were better de-
picted on the 3T images. There was no
significant difference in the visibility of
13 anatomic structures and the overall
diagnostic image-quality rating. The in-
terobserver agreement was moderate with
a k value of 0.55. None of the patients re-
ported excessive or extended dizziness
during or after the scan procedure.

Cochlea

Figure 2 shows the cochlea on an axial
cross-section image, clearly illustrating
the improved resolution of the 7T image
contributing to a more detailed depiction
of the inner ear anatomy. Evaluated cochlear structures included
the scala vestibuli, scala tympani, scala media, osseous spiral lam-
ina, and interscalar septa. All structures were evaluated separately
for each cochlear turn. Significant differences in favor of the 7T
images were found for the scala tympani and vestibuli in the sec-
ond and third turns, with a mean difference 0f 0.13 (P = .023) and
0.31 (P = .023) for the second turn and 0.14 (P = .002) and 0.31
(P = .002) for the third turn. The scala media in the first turn
could be distinguished in 7 of 52 ratings on the 7T images, but in
none of the inner ears on the 3T images. Visualization of the

distinguished scala media was 6 times evaluated as “poor” and 1



FIG 3. Axial cross-section along the course of the facial nerve of a left inner ear, rendered
at 3T (A) and 7T (B). A sharp delineation of the neural structures and clear depiction of
the intermediate nerve between cranial nerves VIl and VIl are demonstrated on the 7T

image.

FIG 4. In 2 different patients, 7T images showing stripelike-artifacts at the level of the first turn
of right (A) and left (B) cochleas, disturbing the quality of the representation and impeding the

distinction of the scala vestibuli and tympani.

time as “adequate.” The resulting score difference of 0.05 was not
significant (P = .066). In the second turn, the scala media was visible
in 21 inner ears on the 7T images, compared with none on the 3T
images. The degree of visibility of these structures was rated “poor” in
16 cases, “adequate” in 3 cases, and “very good” in 2 cases. The score
difference of 0.18 was significant for this turn (P = .005). In the
second and third turns, the depiction of the osseous spiral lamina was
better on the 7T images, resulting in a sharp delineation of the scala
tympani and vestibuli (P = .006 for the second turn and P = .001 for
the third turn). The visibility of the interscalar septum between the
second and third turns also significantly benefited from high-resolu-
tion imaging at 7T (P = .003).

Internal Auditory Canal
Statistical differences in visualization of the facial (P = .259), su-
perior (P = .131), inferior vestibular (P = .242), and cochlear
nerves (P = .151) through the internal auditory canal could not be
demonstrated. On the 3T images, the intermediate nerve was ob-
served 5 of 52 times, compared with 31 times on the 7T images.
On the 7T images, the visibility of the intermediate nerve was
evaluated as “poor” in 14 cases, “adequate” in 8 cases, and “excel-
lent” in 9 cases. This evaluation resulted in a significant difference
of 0.32 (P = .002). An example of the clear depiction of an inter-
mediate nerve is shown in Fig 3. In addition, a sharper delineation
of the other neural structures was obtained. The superior ampul-
lary nerve is indicated in Fig 2B by 2 white arrows. This small
neural structure is not regularly visualized on 3T scans. In this
study, it was observed 10 of 52 times on the 3T scans, 7 times as
“poor” and 3 times as “adequate,” compared with 28 times on the
7T scans, 11 times as “poor,” 6 times as “adequate,” and 11 times
as “excellent.” These findings resulted in a significant difference of
0.28 (P =.009).

The visualization of the falciform crest was significantly
improved on the 7T images; it was identified in 47 of 52 read-

ings on the 7T images, compared with
41 readings on the 3T images. This find-
ing led to a score difference of 0.25 (P =
.022). Bill’s bar was only occasionally
field

observed at either magnetic

strength.

Cochlear and Vestibular Aqueducts
Visualization of the vestibular and co-
chlear aqueducts did not differ signifi-
cantly among the 3T and 7T images. A
score difference of 0.16 (P = .107) of the
vestibular aqueduct and 0.01 (P = .836)
of the cochlear aqueduct was found.

Artifacts

A higher incidence of image artifacts was
observed on the 7T images: 9 of the 13
scans versus none of the 3T scans. These
artifacts included motion artifacts likely
due to the prolonged scan duration com-
pared with 3T. Also, off-resonance effects
due to the increased BO inhomogeneities
causing signal loss, and stripelike artifacts
likely due to B, inhomogeneities were observed. An example of
their appearances is shown in Fig 4.

Overall Image Quality
Image quality can be expressed as either the mean of scores per
magnetic field strength or the actual applied score for image qual-
ity. First, we calculated the sum of scores separately for each mag-
netic field strength. Comparison of these values resulted in a sig-
nificant difference of 0.11 per anatomic structure in favor of the
7T scanner (P < .001). Second, the score for overall image quality
as rated directly was analyzed. This score for overall image quality
was applied in the context of diagnostic value, meaning distortion
of the image quality by artifacts was taken into account. Compar-
ing these scores did not show a significant difference between the
2 field strengths (P = .631).

An overview of all the described outcomes is presented in
Fig 1.

DISCUSSION

In patients with profound SNHL eligible for cochlear implanta-
tion, 7T MR imaging of the inner ear was successfully performed.
Comparison with 3T images demonstrated improved visualiza-
tion of a large number of anatomic structures of the inner ear and
internal auditory canal with high-resolution 7T imaging and em-
phasized the potential of clinical imaging at 7T.

Regarding the cochlear structures, the benefit of increased
SNR was most pronounced for visualization of the microstruc-
tures of the second and third turns. The accurate distinction of the
different turns and compartments is essential to accurately diag-
nose and localize pathologies and support surgical planning. One
specific development during the past years that has emphasized
the role of radiologic evaluation of cochlear implant candidates is
the expanded criteria for cochlear implant recipients. A mal-
formed cochlea is no longer an absolute contraindication for im-
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plantation; this change is important because as many as 20% of
the patients with SNHL show some degree of inner ear malforma-
tion.'* However, when a malformation is present, the surgical
procedure carries a higher risk for complications such as CSF
gusher, and often a different surgical approach and electrode type
must be chosen to ensure a good outcome.'” These considerations
require precise preoperative planning; an increase in anatomic
information as achieved with 7T could be beneficial in such
patients.

Another example in which an increase in anatomic informa-
tion could be extremely relevant includes patients with obliter-
ated cochleas. This fibrotic or osseous obliteration of the cochlear
lumen is usually caused by meningitis-induced labyrinthitis.
When parts of the cochlea are not patent, a different surgical ap-
proach should be followed with, in some cases, the use of a split
array electrode.'* This device was developed to maximize the cov-
erage of spiral ganglion cells by inserting 2 separate arrays through
different cochleostomies. To precisely guide this procedure, com-
prehensive details of the cochlea anatomy are required. For elec-
troacoustic stimulation, cochlear trauma needs to be minimized
and preoperative delineation of the cochlear anatomy should be
as accurate as possible. In addition, a gain in detailed anatomic
information of the cochlea enables further research on morpho-
logic characteristics, their influence on electrode position, and the
relation of this position to the cochlear implant recipient’s
performance.'>'®

At the internal auditory canal, smaller nerve branches such as
the superior ampullary nerve and the intermediate nerve were, in
general, better depicted at 7T. The fact that larger neural struc-
tures did not benefit from the increased resolution at 7T can be
explained by motion artifacts, off-resonance and stripelike arti-
facts, and the scoring system. The internal auditory canal where
these structures are housed was particularly vulnerable to patient-
induced motion artifacts. It was observed that the neural struc-
tures in the internal auditory canal were more frequently affected
than the cochlear structures when motion of the head occurred
during the scan procedure. An explanation for this observation is
not well-defined yet, but one can realistically hypothesize a com-
bination of the direction of the motion and the dimensions of the
internal auditory canal that makes image quality more vulnerable.
Scanner-related artifacts such as the stripelike artifacts and off-
resonance were only pronounced at the higher field strength, as
might be expected from the implicit larger absolute change in
resonance frequency. Another contributing factor might have
been the chosen 4-point grading scale. In most cases, the visibility
of nerves was rated “excellent” on the basis of delineation of the
neural structures in both the 3T and 7T images. Consequently, a
distinction in visualization between the 2 scanners was then
hardly detectable and the presence of artifacts became decisive.
Yet, although not evaluated systematically, one observer reported
more confident assessment on cochlear nerve hypoplasia at 77T.

With respect to the clinical relevance, many etiologies causing
SNHL cannot be seen in vivo with current techniques. Increasing
the SNR and resolution, however, may demonstrate more ana-
tomic changes related to SNHL. Showing the capability of 7T MR
imaging to visualize anatomic structures such as the distinguished
scalas of the second and third turn, scala media, intermediate
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nerve, and superior vestibular nerve is a first step toward that
expectation. When etiologies are known, treatment and prognosis
can be tailored more accurately.

Improved image quality does however, come with a number of
drawbacks and limitations. An example of such a limitation is the
prolonged scan duration. In our study, scan duration was pro-
longed from 6 to 10 minutes. This prolongation together with the
lack of communication possibilities for this specific patient pop-
ulation caused an increased susceptibility to subject-induced ar-
tifacts; therefore, the use of communicative visual signaling dur-
ing scanning is recommended. Additionally, the likelihood of
motion artifacts could be reduced by shortening the scan duration
through reduced-FOV imaging techniques.'” Another important
issue is the presence of possible side effects during 7T examina-
tions. Previous research reported a slightly higher incidence of
dizziness than at 3T, discomfort from the gradient noise, and a
metallic taste.'®2° Nevertheless, these side effects are widely ac-
cepted, and in general, 7T examinations are well-tolerated. In our
study population, none of the patients mentioned excessive dis-
comfort during the scan procedure.

Another limitation of our study is the difference in back-
ground of the observers. One observer normally evaluates MR
images acquired at 3T, whereas the second observer normally
evaluates MR images acquired at 1.5T only. This difference may
have resulted in overvaluation of the 3T images by the second
observer, thereby diminishing the difference between the 3T and
7T images and decreasing the k value.

CONCLUSIONS

We report progress toward the use of 7T MR imaging for inner ear
scanning in a clinical setting. The gain in SNR resulted in a more
detailed visualization of a large number of relevant anatomic
structures despite the remaining difficulties accompanying high-
magnetic-field imaging. The findings of this study are encourag-
ing for continued research on technical adjustments to push the
limits of 7T MR imaging to reach its full potential and make it
suitable for clinical applications.
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ORIGINAL RESEARCH
HEAD & NECK

Diffusion-Weighted Imaging of the Head and Neck in Healthy
Subjects: Reproducibility of ADC Values in Different MRI
Systems and Repeat Sessions

AS. Kolff-Gart, P.J.W. Pouwels, D.P. Noij, R. Ljumanovic, V. Vandecaveye, F. de Keyzer, R. de Bree, P. de Graaf,
D.L. Knol, and J.A. Castelijns

ABSTRACT

BACKGROUND AND PURPOSE: DWI is typically performed with EPI sequences in single-center studies. The purpose of this study was to
determine the reproducibility of ADC values in the head and neck region in healthy subjects. In addition, the reproducibility of ADC values
in different tissues was assessed to identify the most suitable reference tissue.

MATERIALS AND METHODS: We prospectively studied 7 healthy subjects, with EPl and TSE sequences, on 5 MR imaging systems at 3 time
points in 2 institutions. ADC maps of EPI (with 2 b-values and 6 b-values) and TSE sequences were compared. Mean ADC values for different
tissues (submandibular gland, sternocleidomastoid muscle, spinal cord, subdigastric lymph node, and tonsil) were used to evaluate intra-
and intersubject, intersystem, and intersequence variability by using a linear mixed model.

RESULTS: On 97% of images, a region of interest could be placed on the spinal cord, compared with 87% in the tonsil. ADC values derived from
EPI-DWI with 2 b-values and calculated EPI-DWI with 2 b-values extracted from EPI-DWI with 6 b-values did not differ significantly. The standard
error of ADC measurement was the smallest for the tonsil and spinal cord (standard error of measurement = 1512 X 10~ ¢ mm/s?and 190.1 X 10~¢
mm/s?, respectively). The intersystem difference for mean ADC values and the influence of the MR imaging system on ADC values among the
subjects were statistically significant (P < .001). The mean difference among examinations was negligible (ie, <10 X 10~¢ mm/s?).

CONCLUSIONS: In this study, the spinal cord was the most appropriate reference tissue and EPI-DWI with 6 b-values was the most
reproducible sequence. ADC values were more precise if subjects were measured on the same MR imaging system and with the same

sequence. ADC values differed significantly between MR imaging systems and sequences.

ABBREVIATIONS: 2b = 2 b-values; 6b = 6 b-values: IQR = interquartile range; LoA = limits of agreement; SEM = standard error of measurement

Almost 3% of all malignancies are head and neck cancer, 95%
of which are squamous cell carcinomas.' MR imaging is one
of the modalities used in the work-up of patients with head and
neck cancer.” DWI is an MR imaging technique by which dif-
fusion properties of water can be quantified as an ADC value.?
Changes in ADC are inversely correlated with changes in cel-
lularity.” In tissues with high cellularity, diffusion of extracel-
lular water in particular is limited by cell membranes, which
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give low ADC values. In tissues with low cellularity, when dif-
fusion is facilitated (eg, in edematous or necrotic tissue), ADC
values are high.

Indications for DWTI in head and neck cancer include tissue
characterization of primary tumors and nodal metastases, predic-
tion and monitoring of treatment response after chemotherapy or
radiation therapy, and differentiation of radiation changes and
residual or recurrent disease.’

Neither the optimal DWI sequence for assessment of the head
and neck region nor its reproducibility has been clearly estab-
lished, to our knowledge. DWI can be performed with either EPI
or TSE sequences, of which the EPI sequence is most commonly
used in the head and neck area.®” On EPI-DWI, more malignant
lesions can be detected and lesion delineation is facilitated. How-
ever, the interobserver agreement of ADC values is reported to be
higher on TSE-DWI, probably due to the frequent occurrence of
artifacts and geometric distortions in EPI-DWIL?

Currently the use of DWT in head and neck imaging is mostly
confined to research protocols and advanced academic centers.



Before DWI can be used in multicenter studies, its reproducibility
across different centers and MR imaging systems should be vali-
dated.” ADC values may be affected by the selected technique and
MR imaging system (eg, due to differences in gradient systems,
coils, pulse-sequence designs, imaging parameters, and artifacts
related to susceptibility effects or eddy currents).' Information
on variance is needed.!! Furthermore, the use of reference tissues
might help ascertain the variability among different MR imaging
systems and could potentially help correct for differences in ADC
values among MR imaging systems.

The purpose of this prospective study was to determine the
reproducibility of ADC values in the head and neck region ob-
tained from DWTI on the basis of both EPI and TSE sequences in
repeated measurement on different MR imaging systems in
healthy subjects. In addition, we assessed which tissue shows the
highest reproducibility in ADC values, so that it could function as
a reference tissue in future studies.

MATERIALS AND METHODS

Subjects

The study population consisted of 7 healthy subjects, 5 men and 2
women (age range, 2754 years; median age, 30 years). The subjects
were examined in 2 institutions: VU University Medical Center and
University Hospitals Leuven. All examinations were performed in
2011, after obtaining approval from the relevant institutional review
boards and written informed consent from all subjects. We used the

Table 1: Specification of DWI sequences obtained at each MRI system

following MR imaging systems: I) Avanto (Siemens, Erlangen, Ger-
many), IT) Sonata (Siemens), ITT) Signa HDxt (GE Healthcare, Mil-
waukee, Wisconsin), and IV) Aera (Siemens), all at 1.5T, and V)
Achieva (Philips Healthcare, Best, the Netherlands) at 3T. All exam-
inations were performed with a dedicated head and neck radiofre-
quency coil in combination with a spine-array coil.

All subjects were examined on all MR imaging systems at 3
time points per MR imaging system, yielding a total of 15 sessions
per subject. Two examinations were performed on the same day
(between examinations, the subject was removed from the MR
imaging system), and 1 examination, at least 1 month later.

Imaging Protocol
Each session included an anatomic T2-weighted sequence
through the neck and up to 3 DWI sequences, with acquisition
parameters as similar as possible among the MR imaging systems.
Due to technical limitations, no EPI-DWI with 6 b-values (6b)
was performed on 1 MR imaging system (Signa HDxt), and on 2
MR imaging systems (Aera and Achieva), no separate EPI-DWI
with 2 b-values (2b) was performed. The sequences used per MR
imaging system are shown in Table 1 and Fig 1.
All imaging was acquired with 21 transverse sections centered
on the epiglottis (section thickness, 4 mm; intersection gap, 0.4
mm). The imaging protocol consisted of both conventional T2-
weighted (TR/TE, at least 3700/90—110 ms; in-plane pixel size,
0.95 X 0.95 mm) and EPI-DWI (TR/TE, at least 4300/59-98 ms;
in-plane pixel size, 1.5-1.9 X 1.5-1.9 mm;
interpolated in-plane pixel size, 0.75-0.95

mm) or TSE-DWI (TR/TE, 900—-3000/84—

Manufacturer Siemens Siemens GE

Model Avanto Sonata Signa HDxt
Center Amsterdam Amsterdam Amsterdam
Field strength 1.5T 1.5T 1.5T
Conventional T2 + + +
EPI-DWI-2b + + +
EPI-DWI-6b + + -
TSE-DWI-2b + + +

v \'
Siemens  Philips 113 ms; in-plane pixel size, 1.3 X 1.3 mm).
Aera Achieva B-values for the 3 DWI series were as fol-
Leuven Leuven lows: 1) EPI-DWI obtained with 6 b-val-
1~iT 3J ues of 0, 50, 100, 500, 750 and 1000
o o s/mm?, 2) EPI-DWI obtained with 2 b-
+ + values of 0 and 1000 s/mm?, and 3) TSE-

DWI obtained with 2 b-values also of 0

Note:—Amsterdam indicates VU University Medical Center; Leuven, University Hospitals Leuven; +, sequence

performed; —, sequence not performed, not available; o, data extracted from 6b.

and 1000 s/mm?.

FIG1. ADC maps of all DWI sequences on all MR imaging systems. On Signa HDtx (GE Healthcare), EPI-DWI-6b ADC was not performed. On Aera
(Siemens) and Achieva (Philips Healthcare), EPI-DWI-2b ADC was extracted from EPI-DWI-6b and TSE-DWI-2b was not performed.
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Table 2: Number of placed ROIs per tissue and per sequence®

MR imaging systems, sequences, and an

Tonsil  Spinal Cord SCM SMG SDG LN Total MR imaging system X sequences interac-
EPI-DWI-2b (No.) (%)  58(90) 74 (96) 75(97) 76(99)  74(99)  357(96) tion.">'* Random effects were all possible
EPI-DWI-6b (No) (%) 57 (89) 76(99) 76(99)  76(99)  74(99)  359(97) interactions with the subjects (On-line Ap-
TSE-DWI-2b (No.) (%) 50 (83) 76 (97) 77(97)  76(96)  72(97) 351095 Lo div) This possibility was tested by using
Total 165(87)  226(97)  228(98) 228(98) 220(98) 1067 (96)

Note:—SCM indicates sternocleidomastoid muscle; SMG, submandibular gland; SDG LN, subdigastric lymph node.
The percentage of the maximum number of possible ROIs displayed is in parentheses. Elimination is due to poor

image quality or artifacts.

FIG 2. Examples of regions of interest drawn on T2 (A), EPI-DWI-2b BO (B), EPI-DWI-6b BO (C),
TSE-DWI-2b BO (D), EPI-DWI-2b ADC (E), EPI-DWI-6b ADC (F), and TSE-DWI-2b ADC (G). The
tonsils are not visible at this level. Images were acquired with Avanto (Siemens).

Data Analysis

All ADC maps were calculated on-line or off-line by using the MR
imaging system software of the respective vendor. EPI-DWI-6b
was analyzed assuming a monoexponential ADC. ADC values for
EPI-DWI-2b on the 2 MR imaging systems without EPI-
DWI-2b were derived from EPI-DWI-6b by selecting only the
images acquired by using =0 s/mm? and b=1000 s/mm>."*
These “generated” EPI-DWI-2b data were compared with the
other EPI-DWI-2b data. Data were transferred to a DICOM
viewer.

For each examination, 1 elliptic region of interest per tissue
was manually drawn on the section that contained the bulk of the
tissue of interest by 1 observer (R.L.) with 7 years of experience in
head and neck imaging. ADC values were determined for each of
the following 5 tissues in the head and neck: 1) submandibular
gland, 2) sternocleidomastoid muscle, 3) spinal cord, 4) subdigas-
tric lymph node, and 5) tonsil. For the selection of a subdigastric
lymph node, either the left or right one was selected consis-
tently within each subject. The size (range, 20—50 mm?) and
the position of the region of interest were identified on T2-
weighted images. ROIs were drawn on corresponding B0 im-
ages by visual comparison with the anatomic T2WI. ROIs
drawn on b=0 s/mm? images were copied to the corresponding
ADC maps.

Statistical Analysis

First, it was determined whether ADC values of the EPI-DWI-2b
sequences can be replaced with ADC maps obtained by selecting
only the 5=0 and 5=1000 s/mm? images from the EPI-DWI-6b (for
MR imaging systems IV and V), because they are theoretically equiv-
alent. We used a linear mixed model, with fixed effects for subjects,
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data from MR imaging systems I and II,
these being the only MR imaging systems
on which both sequences had been
performed.

For the main variance analysis, 5 MR
imaging systems and 3 sequences were
compared by using the same statistical
modeling approach and reasoning as those
used for the linear mixed model and by in-
corporating tissues as fixed effects (On-line
Appendix). All 3 examinations of each sub-
ject were assumed pure replications and
were nested within subject X MR imaging
system combinations. Models with se-
quence-specific error variances were com-
pared by using the Akaike Information
Criterion."” The standard error of mea-
surement (SEM) for ADC values per tis-
sue was expressed as the square root of the
sum of residual variance (0°;) and the
variance expressing the interaction be-
tween replication and subjects at different
MR imaging systems (07 z.;as)> sequences (07gx.as),> and tissues
(0% 7zng) (On-line Appendix):

_ 2 2 2 2
SEM = VOrRv T Ospay + Orpa + 0

Differences in mean ADC values for all systems and the between-
subjects effects were tested by using a Levene Test of Equality of
Error Variances; an a-level of .05 was used for statistical signifi-
cance.'® All missing data or images with poor quality of DWI were
specifically labeled for statistical analysis. Boxplots were created
by using SPSS (Version 20.0; IBM, Armonk, New York). All other
analyses were performed with Proc NLMIXED of SAS (Version
9.2; SAS Institute, Cary, North Carolina).

RESULTS

Dwi

All subjects underwent multiple DWT sessions with multiple se-
quences on all MR imaging systems. For MR imaging system III,
EPI-DWI-6b was unavailable; for MR imaging systems IV and V,
ADC maps for EPI-DWI-2b were constructed by using only the b=0
and b=1000 s/mm” images from the EPI-DWI-6b, yielding a total of
12 DWI sequences per subject (Table 1). Two subjects underwent 2
instead of 3 replications. One subject had prior bilateral tonsillecto-
mies. Therefore, the maximum number of possible ROIs was 1104.
For a detailed overview of the number of possible ROIs, see On-line
Figure. Further elimination was due to technically failed images and
image-specific poor quality, and in 37 cases, it was impossible to place
a region of interest: In 95% of tissues, region-of-interest placement
was possible on TSE-DWI-2b; in 96%, on EPI-DWI-2b; and in 97%,
on EPI-DWI-6b (Table 2). Examples of ADC maps on different MR



imaging systems and sequences are shown in Fig 1. An example of
drawn ROIs is shown in Fig 2.

When combining the results of the 3 DWI sequences, region-
of-interest placement was possible in 96% of tissues (Table 2).
However, in only 87% (range, 83%—-90%) of images could a re-
gion of interest could be placed on the tonsil. In the other regions,
ROIs could be placed in 97%—-98% of cases. These data indicate
that the tonsil is probably not a good reference tissue for future
evaluations.

A variance component analysis was performed for MR imag-
ing systems I and II to test potential differences between ADC
values derived from the EPI-DWI-2b sequence and the calculated
EPI-DWI-2b extracted from EPI-DWI-6b (Table 3). The lowest
bias was found in the subdigastric lymph node (0.7 X 10~ °mm?/
s), and the highest bias was found in the tonsil (—23.2 X
10~ °mm?/s). Furthermore, this analysis showed a small range of
limits of agreement (LoA) (range, —307.0 X 10~° mm?s to
302.4 X 10~° mm?/s) for all tissues combined. This finding im-
plies that both ADC values are not significantly different. There-
fore, we used calculated EPI-DWI-2b ADC values extracted from
EPI-DWI-6b on systems if EPI-DWI-2b was not available for fur-
ther analysis.

The intersystem difference between the MR imaging systems,
with mean ADC values as a dependent variable, was statistically
significant (P < .001). The influence of the sequence, the MR
imaging system, and the interaction between these 2 parameters
was significant (P = .011). The influence of the MR imaging sys-
tem on the ADC values among the subjects (P < .001) was also
significant.

Main Variance Analysis

For the main analysis, the actual median ADC values and the
results of the main variance component analysis per tissue are
shown in Table 4 and are visualized in a boxplot (Fig 3). The 3
DWI sequences used showed some difference: The EPI-DWI-6b
sequence demonstrated the smallest interquartile range (IQR)

Table 3: Comparison of ADC values derived from calculated EPI-
DWI-2b extracted from EPI-DWI-6b and EPI-DWI-2b for MRI
systems | and Il

Bias (10 mm?/s) LoA (10 mm?/s)

Tonsil —232(—29) —307.0-260.7
Spinal cord —127(-12) —296.6-2711

SCM 10.8 (1.1) —273.1-294.6
SMG 18.6(1.3) —265.3-302.4
SDG LN 0.7 (0.) —283.2-2845

Note:—SCM indicates sternocleidomastoid muscle; SMG, submandibular gland; SDG
LN, subdigastric lymph node.

?In parentheses, the bias is displayed as a percentage of the mean ADC from EPI-
DWI-2b for MRI systems | and II.

values (830—1217 X 10~ ° mm?/s) and lowest SEM (190.3) in
ADC for all tissues. The TSE-DWI-2b sequence demonstrated the
broadest IQR (812-1414 X 10~° mm?®/s) and largest SEM
(284.5 X 10—° mm?/s) for all tissues, while EPI-DWI-2b and
EPI-DWI-6b showed a narrower IQR (815-1226 X 10—° mm?/s
and 830-1217 X 10~ °® mm?/s, respectively) and a smaller SEM
(216 X 0~ °mm?*/sand 190.3 X 10~ ° mm?/s, respectively). There-
fore measurements on EPI-DWI-2b and EPI-DWI-6b are more
precise. Note that with TSE-DWI-2b, the lowest number of ADCs
was available for analysis (95%, Table 2).

The spinal cord and tonsil showed the smallest IQR (873—
1100X 10~ ° mm/s> and 694-980 X 10~ ° mm/s>, respectively)
and lowest SEM (190.1 X 10~ ° mm/s® and 151.2 X 10~ ° mm/s?,
respectively) (Table 4 and Fig 4). These tissues have the lowest
SEM, indicating that ADC measurements in these tissues are the
most precise and the best reproducible ones. However, even
though the SEM is low for the spinal cord (SEM = 190.1 X 10~°
mm?/s), with a median ADC of 976 X 10~ ° mm?/s, the range of
normal values is still broad (IQR = 873-1100 X 10~ ° mm?/s).

Variance caused by time is limited (Fig 5). The mean differ-
ence in ADC values of the second examination compared with the
first, which were on the same day, was 6 X 10~° mm/s* (SD =
310 X 10~ ° mm/s?). For the third examination, 1 month after the
first, the mean difference in ADC values was —5 X 10~ ® mm/s>
(SD =310 X 10~ ° mm/s>) compared with the first measurement.

DISCUSSION

Before quantitative DWT can be applied in a multicenter study,
knowledge is required about the reproducibility of ADC values
within a subject, among different MR imaging systems, and

among sequences.'®

This study is a first step to obtaining that
knowledge.

In this study, we assessed the reproducibility of ADC values for
different DWT sequences, MR imaging systems, and tissues in the
head and neck. As expected, the variance in ADC values per sub-
ject per tissue is the smallest if the subject is measured on the same
MR imaging system with the same sequence. The EPI-DWI-6b
sequence showed the best reproducibility for all compared tissues,
though this sequence was not available on all MR imaging sys-
tems. The EPI-DWI-2b sequence had a slightly lower reproduc-
ibility than the EPI-DWI-6b. Advantages of EPI-DWI-2b are a
shorter acquisition time and being more widely clinically avail-
able. ADC measurements in the spinal cord and tonsil were the
most precise and reproducible. Because the spinal cord is almost
always present in the FOV during a head and neck study, this
tissue can potentially be used as a reference. It also has the advan-
tage of being rarely affected by malignancy; this advantage is in

Table 4: Actual ADC values (10~ mm?/s) and standard error of ADC measurement (10~ ® mm?/s) for all subjects and MRI systems

EPI-DWI-2b EPI-DWI-6b TSE-DWI-2b Total per Tissue

Median (IQR) SEM Median (IQR) SEM Median (IQR) SEM Median (IQR) SEM

Tonsil 791(675-876) 134.2 746 (674-857) 19.6 1089 (839-1272) 203.0 813 (694-980) 151.2

Spinal cord 950 (868-1053) 194.4 950 (865-1016) 170.6 1076 (908-1303) 204.2 976 (873-1100) 190.1
SCM 990 (782-1276) 221.6 1084 (810-1317) 210.5 534 (286-822) 285.0 872 (611-1171) 237.8
SMG 1257 (1090-1462) 247.0 1233 (1066-1362) 2225 1392 (1030-1638) 4312 1271(1066-1468) 295.5
SDG LN 1042 (809-121) 307.9 1027 (870-1174) 242.9 1393 (1124-1709) 322.0 1099 (910-1360) 291.0
Total per sequence 1000 (815-1226) 216.6 1000 (830-1217) 190.3 1082 (812-1414) 284.5 1020 (819-1273) 2383

Note:—SCM indicates sternocleidomastoid muscle; SMG, submandibular gland; SDG LN, subdigastric lymph node.
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FIG 3. Boxplots showing the distribution of ADC values (X10~° mm/s?) per sequence. The points are outliers (ie, >1.5 IQRs away from the 25th
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Difference in ADC value between time points
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FIG 5. Histograms showing the difference in ADC values (X10~° mm/s?) compared with the first scan (T1.1). T1.1 and T1.2 were obtained on the
same day. T2 was 1 month later. T1.2-T1.1: mean, 6 X 10~ ¢ mm/s% SD, 310 X 10~ mm/s% T2-T1.: mean, —5 X 10~ ¢ mm/s%; SD, 310 X 10~ ¢ mm/sz).

contrast to the tonsils, which are absent in case of tonsillectomy
and frequently prove to be the location of an initially unknown
primary tumor.'” Therefore, the spinal cord seems to be the most
suitable to serve as reference tissue.

DWI is frequently used in oncologic imaging.'®'® Previous
studies have shown the potential of DWT in diagnosing malignan-
cies in the head and neck area, response prediction, and differen-
tiation between treatment-induced tissue changes and residual or
recurrent disease.®>%?! However, these studies were conducted in
a single institution, without variance in MR imaging systems and
protocol. Quantitative MR imaging parameters (eg, ADC) can
differ substantially among MR imaging systems and imaging pro-
tocols.?* This difference was also confirmed in the present study.
We performed 3 examinations on 5 MR imaging systems on
healthy subjects. This study validates differences in ADC values
being statistically significant for sequences, MR imaging systems,
and the interaction between MR imaging systems and sequences.

Verhappen et al® found TSE-DWI to be more reproducible
among observers than EPI-DWT in a single-center, single-system
study on primary tumors and lymph nodes of 12 patients with
head and neck cancer. In the current multicenter, multisystem
study, ADC values derived with the EPI-DWI-6b sequence were
the most reproducible in healthy subjects with time, followed by
EPI-DWI-2b. TSE-DWI-2b was the least reproducible sequence.
These different findings may be attributed to the included sub-
jects: healthy volunteers in the current study and patients with
head and neck malignancies, which had diffusion restrictions in
the study by Verhappen et al.® TSE-DWI-2b has inherently lower
SNR,** which limits the reproducibility in healthy tissue, whereas
it does not have geometric distortion and is apparently sensitive

enough to detect diffusion restriction. In the current study, ROIs
were drawn on b=0 s/mm?® images in visual correlation with an-
atomic T2 images. Because EPI-DWI has a higher SNR, small
structures (eg, benign lymph nodes) are more easily visualized.
EPI-DWI may therefore be more appropriate for the evaluation of
small structures. In a study by Vandecaveye et al,*® 57% of malig-
nant lymph nodes had a diameter of <1 cm; therefore, appropri-
ate evaluation of small (apparently benign) structures is vital. Ver-
happen et al® drew ROIs on ADC maps of malignant tissue that
showed diffusion restriction. Especially, DWI of primary tumors
in the head and neck area may have geometric distortion due to
the tumor location at the air-tissue interface. In that case, geomet-
ric distortion of EPI techniques may reduce reproducibility
among observers.”

There is also a difference in reproducibility among various
tissues in the head and neck area. On all MR imaging systems and
sequences, ADC values of the submandibular gland were the least
precise (Table 4). An explanation for the relatively poor repro-
ducibility might be the intrinsic physiologic changes in salivary
glands during the time of day. ADC values in subdigastric lymph
nodes have a relatively poor reproducibility (Table 4). Subdigas-
tric lymph nodes are often too small for drawing reliable ROIs,
particularly in healthy subjects. Moreover, lymph nodes are prone
to changes with time (eg, due to frequently occurring inflamma-
tion in the head and neck area). In contrast, ADC values of the
spinal cord and the tonsil are the most reproducible within sub-
jects. In 87% of the images, a region of interest could be drawn on
the tonsils; this percentage was lower than for the other tissues
(range, 97%—-98%) (Table 2). In healthy subjects, the tonsils are
sometimes too small for reliably drawing a region of interest on
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DWTI. However, if the tonsils are large enough to allow the assess-
ment of ADC values, these values appear to be relatively stable
with time within a subject; this stability results in the relatively
high precision and reproducibility of ADC measurements. The
sternocleidomastoid muscle has intermediate reproducibility.
Small changes in ADC values of muscle tissue may be explained by
small differences in muscle tone with time.

Sasaki et al'® previously assessed the reproducibility of ADC
measurements in the brain among MR imaging systems, imaging
protocols on different time points, and different institutions. It
was concluded that there was significant variability in ADC values
depending on the coil systems, imagers, vendors, and field
strengths. However, only 3 of 10 patients were imaged more than
once on the same MR imaging system. In our study, all patients
were imaged multiple times on the same MR imaging system, in
different institutions, and with a time interval of at least a month
between imaging. We found significant differences between MR
imaging systems and sequences.

The present study shows that though the physiology of healthy
subjects may change with time, ADC values obtained within 1
person and with the same MR imaging system, protocol, and se-
quences immediately after the first scan and with an interval of at
least 1 month have a low variance (ie, the intrasubject variance is
small) (Fig 5). This finding indicates that ADC measurements are
reproducible and independent of time. The spinal cord and tonsil
are the tissues with the lowest ADC variability when different MR
imaging systems, protocols, and sequences are used.

This study had some limitations. We included only healthy
subjects with a broad age range for whom a stable physiologic
status with time for all normal tissues can only be assumed. On the
basis of Fig 5, the influence of time appears to be limited, with
mean ADC differences being less than 10 X 10~ °® mm/s* among
measurements. The stability of the MR imaging systems and se-
quences used also needs to be assumed. Furthermore, the study
population was too small to calculate a conversion factor for dif-
ferent MR imaging systems. A group size of =50 subjects is
needed to calculate such a conversion factor.'”

CONCLUSIONS

The smallest range of ADC values can be obtained by imaging a
subject on the same MR imaging system with an EPI-DWI with 6
b-values. Of the investigated tissues, the spinal cord shows the
least variance and therefore should serve as reference tissue in the
head and neck region.
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ORIGINAL RESEARCH
HEAD & NECK

Impact of Model-Based Iterative Reconstruction on Image
Quality of Contrast-Enhanced Neck CT

S. Gaddikeri, J.B. Andre, J. Benjert, D.S. Hippe, and Y. Anzai

ABSTRACT

BACKGROUND AND PURPOSE: Improved image quality is clinically desired for contrast-enhanced CT of the neck. We compared 30%
adaptive statistical iterative reconstruction and model-based iterative reconstruction algorithms for the assessment of image quality of
contrast-enhanced CT of the neck.

MATERIALS AND METHODS: Neck contrast-enhanced CT data from 64 consecutive patients were reconstructed retrospectively by
using 30% adaptive statistical iterative reconstruction and model-based iterative reconstruction. Objective image quality was assessed by
comparing SNR, contrast-to-noise ratio, and background noise at levels 1 (mandible) and 2 (superior mediastinum). Two independent
blinded readers subjectively graded the image quality on a scale of 1-5, (grade 5 = excellent image quality without artifacts and grade 1 =
nondiagnostic image quality with significant artifacts). The percentage of agreement and disagreement between the 2 readers was
assessed.

RESULTS: Compared with 30% adaptive statistical iterative reconstruction, model-based iterative reconstruction significantly improved
the SNR and contrast-to-noise ratio at levels 1and 2. Model-based iterative reconstruction also decreased background noise at level 1(P =
.016), though there was no difference at level 2 (P = .61). Model-based iterative reconstruction was scored higher than 30% adaptive
statistical iterative reconstruction by both reviewers at the nasopharynx (P < .001) and oropharynx (P < .001) and for overall image quality
(P < .001) and was scored lower at the vocal cords (P < .001) and sternoclavicular junction (P < .001), due to artifacts related to thyroid
shielding that were specific for model-based iterative reconstruction.

CONCLUSIONS: Model-based iterative reconstruction offers improved subjective and objective image quality as evidenced by a higher
SNR and contrast-to-noise ratio and lower background noise within the same dataset for contrast-enhanced neck CT. Model-based
iterative reconstruction has the potential to reduce the radiation dose while maintaining the image quality, with a minor downside being
prominent artifacts related to thyroid shield use on model-based iterative reconstruction.

ABBREVIATIONS: ASiR30 = 30% adaptive statistical iterative reconstruction; BN = background noise; CNR = contrast-to-noise ratio; FBP = filtered back-
projection; HU, Hounsfield units; MBIR = model-based iterative reconstruction; PM = pectoris muscle; SCM = sternocleidomastoid muscle; SVC = superior vena cava

S ince the introduction of CT for medical imaging in the early
1970s, there has been tremendous advancement in overall im-
age quality with concomitant shortening of requisite scan times.
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Additional major effort has been undertaken to reduce the radia-
tion dose to improve patient safety while maintaining image qual-
ity. In particular, image reconstruction algorithms have evolved
from the traditional analytic algorithms such as filtered back-pro-
jection (FBP) to newer iterative reconstruction methods such as
adaptive statistical iterative reconstruction (ASiR; GE Healthcare,
Milwaukee, Wisconsin) and most recently model-based iterative
reconstruction (MBIR; GE Healthcare), which models system
noise statistics and optics.

Both phantom and clinical studies have confirmed that the
application of the MBIR algorithm results in an improved con-
trast-to-noise ratio (CNR), lower background noise (BN),"'* and
reduction of helical conebeam artifacts.>* Clinical studies in the
delineation of arteries in the posterior fossa on 3D brain CT an-
giography,' improved liver lesion detection,>” general evaluation
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Table 1: Soft-tissue neck CT protocol

iohexol, 350 mg/mL (Omnipaque 350;

CT Protocol

GE Healthcare), was intravenously ad-

Scanned region
aortopulmonary window

Type Helical 0.5-second duration.
Pitch 0.984:1
Gantry tilt 0°
Section thickness and section interval
coverage
Reconstruction
Matrix 512 X 512
Kilovolt(peak) 140
Noise index at 0.625-mm section 40 HU
thickness

1cm above the level of frontal sinus to

0.625-mm-thick/0.625 interval and 40-mm detector

Standard soft-tissue algorithm with 2.5-mm thickness

ministered via a power injector (the ini-
tial 50 mL at a rate of 2 mL/s and the
remaining 30 mL at 0.5 mL/s) followed
by 30 mL of saline (0.9% NaCl) flush ata
rate of 1.5 mL/s. The scan was acquired
with a delay of 120 seconds following the
commencement of contrast injection. A
bismuth thyroid shield was placed over
the lower neck in all patients as part of
a radiation safety exercise at our

FIG 1. Assessment of objective image quality at the level of the
mandible (A) and superior mediastinum (B). Region of interest drawn
to measure the SD of air bilaterally (background noise), attenuation of
the sternocleidomastoid and pectoralis major muscles, internal jugu-
lar vein and superior vena cava, and surrounding fat for the estimation
of signal-to-noise ratio and contrast-to-noise ratio.

of abdominopelvic CT,* and pediatric chest CT® all support the
use of MBIR, with or without radiation-dose reduction. In this
study, we compared objective and subjective image quality in
neck CT images reconstructed with 2 different iterative recon-
struction algorithms (MBIR versus 30% adaptive statistical itera-
tive reconstruction [ASiR30]) by using the same raw dataset.

MATERIALS AND METHODS

Patients

The local institutional review board approved this Health Insur-
ance Portability and Accountability Act—compliant retrospective
study. Sixty-four consecutive contrast-enhanced CT neck exami-
nations, performed during June and July 2013, were included in
this study. There were 42 male (66%) and 22 female (34%) pa-
tients (median age, 61 years; age range, 20— 84 years). The indica-
tions for neck CT examinations included initial head and neck
cancer staging, lymphoma staging and surveillance, routine fol-
low-up in the setting of treated tumor, and known or suspected
soft-tissue neck infection.

Neck CT Protocol

Details of the contrast-enhanced CT neck protocols are described
in Table 1. All CT examinations were performed on a 64 —detector
row multidetector CT (Discovery HD 75; GE Healthcare), with
tube current modulation applied at a noise index of 40 Hounsfield
units (HU) for 0.625-mm section thickness by using 0.5-second
helical gantry rotation. Because the noise index varies with the
section thickness, the predicted noise index for 2.5-mm section
thickness was about 23.4 HU.” For each diagnostic scan, 80 mL of
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institution.®

CT Data Reconstruction

The raw data from each subject’s CT examination were recon-
structed at the scanner, with a similar magnification, 2.5-mm sec-
tion thickness at an interval of 2.5 mm in the axial plane, first with
ASiR30 and then with MBIR. Details regarding specifically used
reconstruction methods were omitted from the generated image
sets to ensure complete blinding of the subjective imaging review.
The images were sent to the PACS for analysis.

Quantitative Image Analysis

Quantitative image parameters were assessed by a neuroradiolo-
gist with a cumulative experience of 8 years (including 2 years of
fellowship training in neuroradiology) in interpreting neck CT
examinations (S.G.). Several region-of-interest measurements
were performed on a PACS workstation by using a 0.5- to 10-mm-
diameter circle tool. Mean attenuation values (V) and SD were
measured and recorded in Hounsfield units. BN was also mea-
sured and recorded as the SD of air. The measurements on each
image set were performed at 2 anatomic levels: level 1, the angle of
the mandible (Fig 1A) and level 2, the superior mediastinum (Fig
1B). BN was assessed bilaterally at each level, and the mean was
calculated. We placed ROIs on the following structures and re-
corded their respective measurements: The sternocleidomastoid
muscle (SCM) (level 1), pectoralis major muscle (PM) (level 2),
dominant internal jugular vein (level 1), superior vena cava (SVC)
(level 2), and the surrounding fat (both levels) were measured.
Signal-to-noise ratio and the CNR were calculated by using the
following standard equations”:

SNR=V,,.../BN,

uscle’

CNR=YV.

vein

V,

muscle

/[(SDvein)2+ (SDmuscle)z] 1/2'

Qualitative Image Analysis

Qualitative image analysis was performed at 4 predefined ana-
tomic levels: 1) the nasopharynx (at the level of fossa of Rosen-
muller); 2) the oropharynx (at the level of palatine tonsils); 3) the
true vocal cords, and 4) the sternoclavicular junction. In patients
with prior tonsillectomy or laryngectomy, images were selected at
the level of the surgical bed. On a per-subject basis, identical an-
atomic levels were selected carefully from both the ASiR30 and
MBIR image sets. These 4 anatomic levels were specifically chosen
for their increased respective incidence of head and neck cancers
and/or a proclivity for streak (due to dental amalgam) or beam-



Table 2: Quantitative assessment of image quality (N = 64 subjects)

MBIR ASIR Difference (MBIR-ASIR)
Mean (95% ClI) Mean (95% CI1) Mean (95% CI1) P Value*
Level 1 (angle of mandible)
Mean of JV (HU) 1303 +19.6 (125.4-135.) 1310 +19.2 (126.2-135.8) -07+27 (—14to —01) 030
Mean of SCM (HU) 629 50 (617-64.2) 644+ 49 (63.2-65.6) ~15%22  (—20to —009) <.001
Mean of fat (HU) —814 =232 (—87.2to —75.6) —771%x233 (—82.9to —713) —42=*381 (—6.3t0 —2.2) <.001
SD of IV (HU) 63+26 (5.7-7.0) 73+20 (6.8-7.8) -10+19 (—15to —0.6) <.001
SD of SCM (HU) 66+ 14 (6.3-7.0) 71+16 (6.7-7.5) —05*15 (—0.8to —0.) 020
SD of air (BN) (HU) 63+92 (4.0-8.6) 78+92 (5.5-10.1) ~15+48  (—27t0—03) 016
SNR of SCM 16272 (14.4-18.0) 121143 (.0-13.2) 4157 (2.7-5.5) <.001
CNR of IV and SCM 76+ 26 (7.0-83) 68+ 24 (6.2-7.4) 09+14 (05-12) <.001
Lower level 2 (superior mediastinum)

Mean of SVC (HU) 19.8 245 (113.7-125.9) 17.8 £237 (M.8-1237) 20+73 (0.2-3.9) .030
Mean of PM (HU) 55.6 = 11.0 (52.9-58.4) 533+ 13.0 (50.1-56.5) 23%79 (0.4-4.3) 021
Mean of fat (HU) ~1013+194  (—1062t0 —965)  —98.9 + 181 (—1034t0 —943)  —25%77  (—44t0—0.6) on
SD of SVC (HU) 102+ 45 (91-13) 137 +49 (12.5-14.9) —-35+28  (—42to—28) <.001
SD of PM (HU) 85+ 24 (7.9-9.) 109 +29 (10.2-11.6) —24+30  (—32to—17) <.001
SD of air (BN) (HU) 321+ 325 (23.9-402) 335+305 (25.9-411) -4+ (—71-42) 61

SNR of PM 6.9 * 81 (4.9-9.0) 39+34 (3.0-47) 31+ 64 (1.5-4.7) <.001
CNR of SVC and PM 49+20 (4.4-5.4) 37+16 (33-4]) 1213 (0.9-1.5) <.001

Note:—IJV indicates internal jugular vein.
“Paired t test.

hardening (due to shoulders) artifacts. In addition, readers sub-
jectively evaluated all the images within an image stack (ASiR30
versus MBIR) to assess overall image quality.

Two experienced fellowship-trained neuroradiologists with 9
(J.B. [reader 1]) and 10 (J.B.A. [reader 2]) years of cumulative
experience in interpreting neck CT examinations were blinded to
the patient information and reconstruction methodology. On a
per-patient basis, image stacks obtained from the 2 reconstruc-
tion algorithms were displayed side-by-side on each of 2 PACS
monitors. Images were presented to reviewers with a prespecified
window width and level of 350 and 50 HU, respectively, though
reviewers were free to vary both at their discretion. In the absence
of a focal lesion, the readers (1 and 2) were asked to evaluate the
appearance of normal structures, with special attention paid to
the delineation of fat planes, the internal architecture of soft tis-
sues, and overall artifacts burden. In the presence of a focal lesion,
readers were asked to evaluate lesion conspicuity, the margins,
internal architecture of the lesion, and overall artifacts burden.

Overall image quality and image quality at each of the 4
preselected anatomic locations were graded on a scale of 1-5 (5 =
excellent, no artifacts; 4 = good, minimal artifacts; 3 = accept-
able, mild artifacts; 2 = suboptimal, moderate artifacts; and 1 =
nondiagnostic, significant artifacts). Grades 1 and 2 were consid-
ered unacceptable for clinical interpretation. On the basis of the
grades of qualitative assessment by each of the readers (1 and 2),
the data were divided into 2 categories: category I (readers
agree that ASIR>MBIR) and category II (readers agree that
MBIR=ASIR).

Statistical Analysis

The paired Student ¢ test was used to assess differences in objective
measures of image quality between the 2 reconstruction algo-
rithms. Histograms were visually inspected to ensure that distri-
butional assumptions were reasonable. The Wilcoxon signed rank
test was used to test for differences in subjective image-quality
ratings between the 2 reconstruction algorithms and readers. The
percentage agreement of the 2 readers (1 and 2) for the categories
I (readers agree that ASiR>MBIR) or II (readers agree that
MBIR=ASIR) was assessed at all 4 levels and for overall image

quality. All statistical calculations were conducted with the statis-
tical computing language R (R statistical computing software;
(http://www.r-project.org/). Throughout, 2-tailed tests were used
with P < .05 denoting statistical significance.

RESULTS
Quantitative Analysis
Objective image-quality measurement data are summarized in
Table 2. Atlevel 1, the mean BN was significantly lower (P = .016)
for MBIR compared with ASiR30. The mean attenuation values of
the internal jugular vein and SCM for the MBIR dataset were
significantly lower (P = .03 and P < .001, respectively) in com-
parison with the ASiR30 dataset. At level 2, there was no statisti-
cally significant difference (P = .61) in the BN between the MBIR
and ASiR30 image sets, whereas the mean attenuation values of
SVC and PM for the MBIR dataset were significantly higher (P =
.03 and P < .021, respectively) compared with the ASiR30 dataset.
The measured SNRs of the SCM and PM were significantly
higher (P <.001 and P < .001, respectively) for the MBIR dataset
compared with the ASiR30 dataset, likely due to reduced BN. The
measured CNR of the internal jugular vein and SVC in relation to
the SCM and PM was also significantly higher (P <.001 and P <
.001, respectively) for MBIR compared with ASiR30.

Qualitative Analysis

Subjective image-quality assessment is summarized in Table 3.
Both readers preferentially graded MBIR over ASiR30 for overall
image quality (the entire stack of images) (P < .001) and at the
levels of the nasopharynx and oropharynx (Figs 2 and 3). Readers
preferentially graded ASiR30 over MBIR (P < .001) at the level of
the vocal cords and sternoclavicular region (Fig 4).

The percentage of agreement and disagreement between the
readers for categories I and II is presented as a bar graph (Fig 5).
Reader agreement in preferring MBIR to ASiR30 was 83% for
overall image quality, 100% at the level of nasopharynx, and 98%
at the level of the oropharynx. The percentage of agreement be-
tween the 2 readers at the level of the vocal cords and sternocla-
vicular junction, however, was only 41% and 42%, respectively.
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Table 3: Qualitative assessment of image quality, based on average ratings of 2 readers (N = 64 subjects)

MBIR ASiR Difference (MBIR-ASIR)
Mean (95% CI) Mean (95% CI) Mean (95% CI1) P Value®
Nasopharynx 4.80 = 0.26 (4.74-4.87) 416 = 0.31 (4.08-4.23) 0.65 *+0.30 (0.57-0.72) <.001
Oropharynx 374 + 0.60 (3.59-3.89) 3.08 + 0.64 (2.92-3.24) 0.66 * 037 (0.56-0.75) <.001
Vocal cord 373 £0.53 (3.59-3.86) 4.02 =037 (3.924.) —0.29 £0.53 (—0.42 to —0.16) <.001
SC junction 341048 (3.29-3.53) 375*0.25 (3.69-3.82) —034 £052 (—0.47 to —0.21) <.001
Overall IQ 385+ 032 (3.77-3.93) 3.69 =028 (3.62-3.76) 0.17 £ 0.31 (0.09-0.24) <.001

Note:—SC indicates sternoclavicular; 1Q, image quality.
@ Wilcoxon signed ranked test.

FIG 2. Axial images of contrast-enhanced neck CT at the level of
oropharynx reconstructed by using 30% adaptive statistical iterative
reconstruction (A) and model-based iterative reconstruction (B).
Note better conspicuity and definition of tumor margins on MBIR
(arrows) compared with ASIR30 (arrows).

FIG 3. Axial images of contrast-enhanced neck CT at the level of
oropharynx reconstructed by using 30% adaptive statistical iterative
reconstruction (A) and model-based iterative reconstruction (B).
Note a decrease in the streak artifacts related to dental amalgam
particularly in the region of the base of the tongue, parotids, and
foramen magnum and a poorer definition of fat planes in the parapha-
ryngeal space on MBIR images.

DISCUSSION

CT, enabled by technologic advances and widespread availability, has
become the imaging technique of choice in the assessment of numer-
ous neck pathologies. Multidetector CT technology has brought a
commensurate increase in the number of CT studies performed,'®
leading to a significant increase in the radiation dose related to CT
scanning.'*'* Although CT scanning is only approximately 15% of
all radiologic examinations, it accounts for up to 70% of the radiation
dose to the patient.'” Increasing media attention and public aware-
ness regarding the potential risks of radiation exposure, particularly
radiation-induced carcinogenesis, have encouraged development of
strategies to further reduce the patient radiation dose. The radiation
risk to children is of particular concern because the estimated lifetime
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cancer risk for a 1-year-old child from the radiation exposure of a
head CT is 0.07%."* Radiation-induced carcinogenesis may be re-
lated to a linear no-threshold stochastic effect'® or a cumulative ra-
diation effect,'® particularly in patients with a known history of can-
cer or other chronic head and neck diseases warranting repeat CT
imaging.

There are several strategies for radiation-dose reduction in
clinical CT examinations, including changing the CT acquisition
parameters (tube current, tube rotation time, peak voltage, pitch,
and collimation), use of tube current modulation,'” automatic

1,'® adjusting the kV on the basis of patient size,"’

20-22

exposure contro
iterative reconstruction, and selective in-plane shielding®’
(thyroid, eye lens, breast, or gonadal shield). Developing appro-
priate CT protocols with an optimal compromise between diag-
nostic image quality and radiation dose is a team effort of tech-
nologist, physicist, and radiologist.**

The FBP algorithm for CT image reconstruction has been the
preferred reconstruction algorithm for CT images since its intro-
duction in the 1970s. FBP is based on the assumption that the CT
system is perfect and noise-free. However, FBP actually amplifies
the quantum and electronic noise in the projection data.* Tts
main advantages include speed of image reconstruction due to
single-pass direct calculation and production of CT images that
are routinely considered clinically acceptable. To overcome the
limitation of analytic FBP, iterative techniques for image recon-
struction were introduced. ASiR (GE Healthcare) is a partially
iterative method using a statistical model of noise that has been
commercially available since 2008.>>*"' It uses the information
obtained by initial FBP reconstruction and then repeatedly com-
pares the estimated pixel value with the ideal value predicted by
the noise model, until the estimated and ideal values converge.2°

MBIR is a fully iterative method that not only models the sta-
tistics of noise (photon statistic and electronic noise) but addi-
tionally models the system optics (detector response to incident
x-ray beam)."*” Prior research has suggested that the MBIR algo-
rithm generates CT images with better noise suppression, spatial
resolution, conspicuity, and overall image quality compared with
FBP, while maintaining similar uniformity and beam-harden-
ing.”® Several studies have reported clinically relevant radiation-
dose reduction by using MBIR while still preserving diagnostic
image quality.>>®?> One notable drawback of the current version
of the MBIR is that it can only reconstruct CT images by using a
standard soft-tissue kernel and not a bone kernel; hence, this al-
gorithm fails to provide images with requisite edge details for
better assessment of bony lesions.

In this study, the neck CT images reconstructed by using
MBIR showed significantly improved SNR and CNR while reduc-



FIG 4. Axial images of contrast-enhanced neck CT at the level of sternoclavicular junction
reconstructed by using 30% adaptive statistical iterative reconstruction (A) and model-based
iterative reconstruction (B). Artifacts are due to a thyroid shield in the display FOV specific for
MBIR (arrows). Note the absence of these thyroid shield artifacts on images reconstructed by

using ASIR30 (arrows).

FIG 5. Bar graph showing the percentage of agreement and disagreement between the 2 inde-
pendent readers (1 and 2) for the assessment of subjective image quality at various levels and

clude further improvement in CNR, de-
crease in BN, and decrease in artifacts
while preserving the diagnostic image
quality.'>° In this study, overall image
quality in neck CT examinations was
improved with MBIR, potentially allow-
ing the exchange of improved image
quality for further radiation-dose reduc-
tion. A recent study applying MBIR to
chest CT reported radiation-dose reduc-
tions approaching 70%-80%.° In con-
trast, the expected dose reduction from
using a bismuth thyroid shield is 28%.?
If a similar radiation-dose reduction can
be achieved in contrast-enhanced neck
CT examinations by applying a particu-
lar postprocessing algorithm, then one
could argue that the use of a thyroid
shield is less warranted.

The main drawback of MBIR in its
present form over other reconstruction
algorithms is the computing time, which
is about 1 image per second as opposed
to 15 images per second for FBP and 10
images per second for ASiR50. In our
study, the average reconstruction time
for individual soft-tissue neck CT exam-
inations was approximately 45 minutes
(range, 30—75 minutes). This time con-
straint for MBIR, however, should be re-
duced in the near future due to advance-
ments in computational power.

overall image quality in both categories (category I: ASIR>MBIR and category II: MBIR=ASIR).

ing the BN compared with images reconstructed by using ASiR30.
The qualitative assessment by 2 blinded independent readers sug-
gests that MBIR is superior to ASiR30 at the levels of nasopharynx
and oropharynx. However, qualitative assessment at the levels of
the vocal cords and sternoclavicular region suggests that ASiR30 is
preferred over MBIR in these regions. This observation may, in
part, be explained by the presence of a bismuth thyroid shield
used for radiation-dose reduction to the thyroid gland. The bis-
muth shield resulted in artifacts projecting over the vocal cords
and sternoclavicular region, which was more prominent on im-
ages reconstructed with MBIR, particularly when the shield was
close to the skin surface. The exact cause of these artifacts in CT
images reconstructed with the MBIR algorithm remains un-
known, though we believe that it is at least partly related to the
current noise model of the MBIR algorithm, which is not well-
equipped to deal with the sharp changes in local attenuation and
statistics in the projection sinogram produced at the edges of the
bismuth shield. We also believe that these thyroid shield artifacts
contributed to the underperformance of MBIR at the level of the
vocal cords and sternoclavicular region.

It has been reported from various clinical studies that MBIR
methods are better than analytic FBP and ASiR algorithms in
providing acceptable image quality in the setting of a lower radi-
ation dose.">?°>! The major advantages of MBIR over ASiR in-

Study Limitations

Our study has many limitations. First, we did not perform a qual-
ity comparison of the MBIR image algorithm with and without
the use of a thyroid shield to more accurately compare the image
quality of ASiR and MBIR. Second, the qualitative image analysis
was a simultaneous assessment of image quality and artifacts bur-
den. As such, this may explain lower subjective scores in areas
covered by the thyroid shield. Third, patient data collection was
performed in a consecutive fashion, without discrete inclusion
criteria to evaluate a specific pathology; thus our study cannot
assess the impact of MBIR on the detection of disease.

CONCLUSIONS

MBIR offers improved subjective and objective image quality for
contrast-enhanced neck CT, suggesting that MBIR may further
reduce the radiation dose while maintaining diagnostic image
quality. Further studies are necessary to assess how much radia-
tion-dose savings can be achieved with the application of newer
and faster model-based iterative reconstruction algorithms, and
further development will be required to bring image processing
into clinically reasonable timeframes.

Disclosures: Daniel S. Hippe—UNRELATED: GE Healthcare, Philips Healthcare, Com-
ments: research grants outside current work. Also, Society of Interventional Radiol-
ogy Foundation award for statistical analysis work on another study.
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ORIGINAL RESEARCH
HEAD & NECK

Radiology Reports for Incidental Thyroid Nodules on CT and
MRI: High Variability across Subspecialties

A.T. Grady, J.A. Sosa, T.P. Tanpitukpongse, K.R. Choudhury, RT. Gupta, and J.K. Hoang

ABSTRACT

BACKGROUND AND PURPOSE: Variability in radiologists’ reporting styles and recommendations for incidental thyroid nodules can lead
to confusion among clinicians and may contribute to inconsistent patient care. Our aim was to describe reporting practices of radiologists
for incidental thyroid nodules seen on CT and MR imaging and to determine factors that influence reporting styles.

MATERIALS AND METHODS: This is a retrospective study of patients with incidental thyroid nodules reported on CT and MR imaging
between January and December 2011, identified by text search for “thyroid nodule” in all CT and MR imaging reports. The studies included
CT and MR imaging scans of the neck, spine, and chest. Radiology reports were divided into those that mentioned the incidental thyroid
nodules only in the “Findings” section versus those that reported the incidental thyroid nodules in the “Impression” section as well, because
this latter reporting style gives more emphasis to the finding. Univariate and multivariate analyses were performed to identify radiologist,
patient, and nodule characteristics that influenced reporting styles.

RESULTS: Three hundred seventy-five patients met the criterion of having incidental thyroid nodules. One hundred thirty-eight (37%)
patients had incidental thyroid nodules reported in the “Impression” section. On multivariate analysis, only radiologists’ divisions and
nodule size were associated with reporting in “Impression.” Chest radiologists and neuroradiologists were more likely to report incidental
thyroid nodules in the “Impression” section than their abdominal imaging colleagues, and larger incidental thyroid nodules were more likely
to be reported in “Impression” (P = .03). Seventy-three percent of patients with incidental thyroid nodules of =20 mm were reported in
the “Impression” section, but higher variability in reporting was seen for incidental thyroid nodules measuring 10-14 mm and 15-19 mm,
which were reported in “Impression” for 61% and 50% of patients, respectively.

CONCLUSIONS: Reporting practices for incidental thyroid nodules detected on CT and MR imaging are predominantly influenced by
nodule size and the radiologist’s subspecialty. Reporting was highly variable for nodules measuring 10-19 mm; this finding can be partially
attributed to different reporting styles among radiology subspecialty divisions. The variability demonstrated in this study further under-
scores the need to develop CT and MR imaging practice guidelines with the goal of standardizing reporting of incidental thyroid nodules
and thereby potentially improving the consistency and quality of patient care.

ABBREVIATION: ITN = incidental thyroid nodule

I ncidental thyroid nodules (ITNs) are a common radiologic find-
ing, seen in 1 in 6 patients undergoing CT and MR imaging exam-
inations of the neck.”* Unlike nodules seen on sonography, there are
no reliable signs of malignancy and no well-accepted guidelines for
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reporting ITNs detected on CT and MR imaging. Consequently, the
current practice of reporting thyroid nodules on CT and MR imaging
by radiologists is highly variable.” Some radiologists may report all
ITNsbecause thereis a chance thatan ITN could be malignant. Other
radiologists may not report any ITNs because thyroid cancers in
ITNs are relatively uncommon®* and small thyroid cancers often have
an indolent course.>® In particular, reportingan ITN in the “Impres-
sion” section of a radiology report provides more emphasis of the
finding and may increase the chance of further work-up.

Different recommendations for patients with the same nodule
characteristics and clinical history are problematic because they
can lead to variation in practice patterns, potential variation in the
quality of patient care, and anxiety for patients, and they can po-
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tentially increase health care costs from the performance of more
imaging studies, biopsies, and diagnostic surgeries.>”~* Although
some incidental cancers may be diagnosed and treated at an ear-
lier stage, >50% of patients with ITNs that have surgery will ulti-
mately be diagnosed with benign disease.'®"!

The variation in reporting styles for ITNs seen on CT and MR
imaging has been measured in a recent study, which surveyed
radiologists on how they reported different scenarios varying in
nodule size and patient history.” The study demonstrated high
variability of ITN reporting, with an overall mean agreement in
reporting style of 53% and lower rates of agreement for smaller
nodules. A limitation of a survey, however, is that it may not
accurately reflect what a radiologist actually does in practice. An-
other study evaluated reporting practices for ITNs based on radi-
ology reports for cervical spine CT.'? The authors found that rec-
ommendations for ITNs are made inconsistently and the type of
management recommended is variable. However, variability in
reporting may have been underestimated in their study because it
was limited to CT reports issued only by emergency radiologists and
did not encompass the reporting practices of abdominal, chest, and
neuroimaging radiologists. In addition, the authors did not differen-
tiate between I'TNs reported in the “Impression” section of the report
versus only the “Findings” section. To fully examine variability in
reporting of ITNs, a study should evaluate the reporting style, en-
compeass all radiology subspecialties, and include all CT and MR im-
aging studies that may lead to detection of ITNs.

The purpose of this study was to describe the reporting prac-
tices of radiologists for ITNs seen on CT and MR imaging and to
determine the factors associated with reporting ITNs in the “Im-
pression” section of the radiology report. We hypothesized that
reporting styles would be influenced not only by nodule and pa-
tient characteristics but also by radiologist-specific factors, such
as subspecialty training and years of experience. Understanding
factors associated with variation in reporting practices among ra-
diologists may help to standardize practice patterns, and demon-
stration of highly variable practices would support the need for
guidelines for reporting ITNs seen on CT and MR imaging.

MATERIALS AND METHODS

Study Group

This was a retrospective study of 401 patients with thyroid nod-
ules reported on CT or MR imaging between January 1, 2011, and
December 31, 2011, at a single large academic institution with 8
subspecialty clinical divisions and 59 subspecialty radiologists.
Patients were identified by performing a text search of CT and MR
imaging reports for the phrase “thyroid nodule” by using the
Duke Enterprise Data Unified Content Explorer, a Web applica-
tion for cohort identification and data extraction. The search en-
compassed all CT and MR imaging examinations performed dur-
ing the time of interest regardless of the body part/region imaged.
The studies included CT and MR imaging of the neck, spine, and
chest. To capture only ITNs, we excluded patients if the imaging
study was performed to evaluate the thyroid, if they had prior
evaluation of the thyroid (such as previous thyroid sonography or
biopsy), or if they had a personal history of thyroid cancer. The
study was approved by our institutional review board. Written
informed consent was waived by the institutional review board.
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Reporting Style

Reports were analyzed by 2 radiologists, each with 4 years’ expe-
rience, to determine the reporting style and factors that could
influence the reporting style. The primary reporting style of inter-
est was whether the nodule was reported in the “Impression” sec-
tion of the report (versus only in the “Findings” section) because
this action by the radiologist will highlight the finding to the cli-
nician and is more likely to result in subsequent evaluation. Re-
ports were also categorized on the basis of whether the radiologist
specifically recommended further work-up with another exami-
nation, such as a thyroid sonography.

Factors Associated with Reporting Styles

Data were collected on factors that could influence reporting
styles and included characteristics of the radiologists, patients,
and nodules. Radiologist characteristics included years of
experience after completion of training and radiology subspe-
cialty division (chest imaging, abdominal imaging, neuroradi-
ology, other). At our institution, diagnostic thyroid sonogra-
phy and sonography-guided thyroid biopsy are performed by
abdominal radiologists. Patient characteristics included sex
and age and the study indication. Study indication was ob-
tained directly from the dictated radiology report and was cat-
egorized into 1 of 5 groups: malignancy, trauma, nontraumatic
vascular pathology, inflammation/infection, and other indica-
tion. Nodule characteristics consisted of size, morphology
(calcified, cystic, hyperenhancing), and the presence of other
nodules. Nodule sizes were obtained directly from the reports,
and the longest reported dimension was recorded. For statisti-
cal analyses, an ITN reported as “subcentimeter” was con-
verted to continuous data by assigning it a size of 8 mm. Eight
millimeters was chosen because an ITN of <5 mm is less likely
to be clearly seen on CT and MR imaging, while an ITN close to
10 mm would more likely be reported as a 10-mm nodule.
Thus, 8 mm was chosen for the purpose of data analysis be-
cause it lies between 5 and 10 mm.

Outcome Measures and Statistical Analysis

We calculated the proportion of ITNs reported in the “Impres-
sion” section of the report and recommended for further evalua-
tion. Patients with ITNs reported in the “Impression” section
were compared with those with ITNs reported only in the “Find-
ings” section of reports. Patients with ITNs recommended for
work-up were compared with those without work-up recom-
mendations. Either a x* test or Fisher exact test was used for
testing differences in these patients for categoric variables. The
unpaired ¢ test was used to test for differences for continuous
variables. A multivariable logistic regression model was fitted
to identify factors that were associated with ITNs that were
reported in the “Impression” sections of reports and recom-
mended for further evaluation. A P value < .05 was considered
statistically significant.

Data were entered into an Excel spreadsheet (2007; Microsoft,
Redmond, Washington). Statistical analyses were performed by
using the SAS Enterprise Guide (Version 4.2; SAS Institute, Cary,
North Carolina).



FIG 1. Flowchart of study patients. FNA indicates fine needle aspiration.

FIG 2. Source of imaging studies with reported incidental thyroid nodules.

RESULTS

Study Group

Three hundred seventy-five patients met the inclusion criteria
of having ITNs in their radiology reports and no history of
thyroid pathology (Fig 1). The mean patient age was 64 * 14
years, and 250 (67%) patients were women (On-line Table).
CT was the most common source of ITN detection and ac-
counted for 353 (94%) patients, compared with 22 (6%) pa-
tients with ITNs on MR imaging studies (Fig 2). In patients
who had ITNs discovered on CT, 231 (65%) were identified on
chest CT, followed in frequency by cervical spine CT (n = 39,
11%) and chest CT angiography (n = 34, 10%). The most
common study indication for CT or MR imaging was evalua-
tion of malignancy (52%).

Reporting Style

One hundred thirty-eight of 375 (37%) pa-
tients had ITNs reported in the “Impres-
sion” sections of their reports, while 237
(63%) had ITNs reported only in the “Find-
ings” section (On-line Table). No reports
contained ITNs in the “Impression” with-
out the ITNs also being described in the
“Findings” section. All reports had both
“Findings” and “Impression” sections.
Sixty-nine of 375 (18%) patients had ITNs
recommended for further work-up (On-line
Table). There were no recommendations for
investigations other than sonography.

Factors Associated with Reporting in
the Impression Section

Univariate analysis found radiology divi-
sion, study indication, and nodule size to
be significantly associated with ITNs re-
ported in the “Impression” sections of re-
ports (P values < .0001) (On-line Table).
Radiologist experience was not signifi-
cantly associated with reporting I'TNs in the
“Impression” section. However, we ob-
served that radiologists with 5-9 years’ ex-
perience were less likely to report ITNs in
the “Impression” (29%) than those with
0—4 years’ experience (35%) and >10
years’ experience (42%). On multivariate
analysis, only radiology division and nodule
size remained significant (P < .03).

Abdominal division radiologists were
less likely to report ITNs in the “Impres-
sion” section of the report than radiolo-
gists in other divisions. ITNs were re-
ported in the “Impression” section in
23% of the studies interpreted by abdom-
inal radiologists compared with 43% for
chest radiologists and 50% for neuroradi-
ologists (On-line Table).

Larger nodules were more likely to be
reported in the “Impression” sections of
reports. The mean nodule size was 16.9 =
9.8 mm for ITNs reported in the “Impression” compared with
15.4 = 7.4 mm for ITNs not reported in the “Impression” section
(On-line Table).

On subgroup analysis of nodule sizes, there was higher vari-
ability in reporting styles for ITNs measuring between 10 and 19
mm than for other sizes. Sixty-one percent of 10- to 14-mm nod-
ules and 50% of 15- to 19-mm nodules were reported in the “Im-
pression” (On-line Table and Fig 3). In contrast, there were less
variability and more agreement in reporting styles for larger nod-
ules and subcentimeter nodules. Seventy-three percent of ITNs of
=20 mm and only 30% of ITNs <10 mm were reported in the
“Impression” section. Notably, 185 (49%) reports did not provide
the nodule size, including 42 patients with ITNs reported in the
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FIG 3. Three patients with incidental thyroid nodules that were similar in size but were reported differently. A, A 46-year-old man with a12-mm
incidental nodule in the left thyroid lobe detected on chest CTA performed to evaluate an abdominal aortic aneurysm. The nodule was
reported only in the “Findings” section of the report without a recommendation. B, A 47-year-old woman with a 10-mm incidental nodule in the
right thyroid lobe detected on chest CTA performed to evaluate chest pain. The nodule was reported in the “Impression” section without a
recommendation. C, A 63-year-old man with several incidental thyroid nodules detected on cervical spine CT performed to evaluate neck injury.
The largest was in the left thyroid lobe and measured 10 mm. The nodule was reported in the “Impression” section with a recommendation for

sonography.

The Duke 3-tiered system for CT, MRI, or PET-detected thyroid nodules"™'**

Category

Criteria for Categories

Recommendations

Risk category 1: highly suspicious
for malignancy

PET avid thyroid nodule

Suspicious lymphadenopathy;® extrathyroid

Strongly consider work-up with ultrasound
for any size nodule

spread with or without signs of vocal cord
palsy on side of nodule; lung metastases

Risk category 2: indeterminate with
risk factor of young age

Risk category 3: indeterminate without
risk factors

Age 35 years or older

Age younger than 35 years

Consider work-up with ultrasound if =1cmin
adults

Consider work-up with ultrasound for any size
in pediatric patients

Consider work-up with ultrasound if =1.5 cm

? Intended for management of incidental thyroid nodules in low-risk patients.

b Suspicious lymph nodes are defined as nodes >10 mm in the short axis (with the exception of jugulodigastric lymph nodes, which are permitted to be up to 15 mm in the short

axis) or nodes that contain either calcifications, cystic components, or irregular margins.

“Impression” section of reports and 17 patients with recommen-
dations for sonography.

Factors Associated with Recommendations for Further
Work-Up

For factors that influenced recommendations for work-up, uni-
variate analysis found radiology division, radiologist experience,
and study indication significantly associated with ITNs recom-
mended for work-up (P = .03) (On-line Table). On multivariate
analysis, study indication and radiology division remained signif-
icant (P < .05).

Abdominal division radiologists were less likely to recom-
mend work-up for ITNs than those in other divisions. Only 6% of
reports generated by abdominal radiologists had recommenda-
tions for additional work-up, compared with 32% by chest radi-
ologists and 24% by neuroradiologists (On-line Table). Although
radiologist experience did not significantly influence recommen-
dations on multivariate analysis, on univariate analysis, radiolo-
gists with 5-9 years’ experience were much less likely to recom-
mend further work-up (10%) than those with 0-4 years’
experience (17%) and >10 years’ experience (24%).

Patients undergoing imaging for another malignancy were less
likely to have recommendations for additional work-up of ITNs.
Additional work-up for ITNs was recommended in 7% of patients

400 Grady Feb 2015 www.ajnr.org

with known malignancy compared with 31% of patients having
imaging for other indications (On-line Table).

DISCUSSION

Variability in reporting styles and recommendations for ITNs by
radiologists can lead to confusion among clinicians and may con-
tribute to inconsistent patient care. Ideally, recommendations in
radiology reports should be uniform, and factors that influence
further evaluation should be based only on nodule and patient
characteristics. This study demonstrates that there is high vari-
ability for reporting of ITNs measuring 10—19 mm on CT and MR
imaging, and that the subspecialty of radiologists is a major factor
associated with ITNs being reported in the “Impression” section,
independent of nodule size. This finding implies that the high
variability in reporting styles is partially due to different practices
among subspecialty radiologists.

Our study found that abdominal imaging radiologists were
less likely to report ITNs in the “Impression” section of reports
and were also less likely to specifically recommend work-up.
There are 2 possible reasons for this finding. First, abdominal
imaging radiologists are often reading CT examinations covering
multiple body parts (such as the chest, abdomen, and pelvis) that
may contain many significant findings. Small ITNs may be con-



sidered less important relative to other abnormalities and, there-
fore, are not included in the “Impression” section of the reports.
Second, at our institution, abdominal imaging radiologists per-
form sonography-guided thyroid biopsies and observe firsthand
the high number of benign biopsies, potentially making them less
apt to recommend further work-up.

Another radiologist characteristic that was studied was years of
experience. A prior study found that the overall rate of recom-
mending additional imaging decreased as radiologists’ experience
increased.® However, we did not observe this trend. In fact, the
more experienced radiologists were most likely to report ITNs in
the “Impression” section and recommend work-up, and radiolo-
gists with 5-9 years’ experience were least likely to report ITNs in
the “Impression” and recommend work-up. We believe this find-
ing reflects the high baseline variability in ITN reporting irrespec-
tive of experience level and that a more influential factor is the
tendency for radiologists to utilize a reporting style that is similar
to others within their own local subspecialty group.

Lehnert et al'? also retrospectively evaluated recommenda-
tions made in radiology reports for ITNs. Their study was limited
to a subset of CT cervical spine scans reported by emergency ra-
diologists, but it did highlight several deficiencies in current radi-
ology reporting practices that are also present in our study. Our
study and that of Lehnert et al found that a large proportion of
ITNs did not have nodule size described anywhere in the report
(49% and 23%, respectively). Size is a significant factor in the
decision to further evaluate ITNs; therefore, it is an important
feature to describe if the nodule warrants mentioning in the re-
port. Additionally, recommendations were not commonly in-
cluded in radiology reports. In our study, recommendations were
not provided for half of the patients with ITNs reported in the
“Impression” section. In the study of Lehnert et al, 43% of ITNs
had no management recommendations. Some may argue that
recommendations may not be necessary; however, this argument
assumes that the clinician recognizes the significance of ITNs and
is familiar with their work-up.

Our study also identified highly variable reporting practices
for nodules measuring between 10 and 19 mm. These results con-
cur with findings from a survey on how radiologists report ITNs
on the basis of scenarios differing in patient age, sex, and nodule
size.” In this survey, the scenario with the highest variability in
responses was that of a 60-year-old woman with a 10-mm ITN:
Thirty-six percent of radiologists thought that the nodule should
be left in the “Findings” section and not receive work-up, while
35% of radiologists would recommend additional work-up with
sonography and 21% would report the nodule in the “Impression”
without a recommendation.’ In our study, which evaluated actual
reporting practices, the practices seen in radiology reports for 10- to
19-mm nodules were also almost equally split: Sixty-one percent of
ITNs measuring 10—14 mm and 50% of those measuring 15-19 mm
were reported in the “Impression.” This high variability suggests that
radiologists are less certain of how to manage ITNs measuring 10—19
mm than they are for ITNs <1 cm or >2 cm, and this size range
appears to be one for which future guidelines have the potential to
significantly improve reporting consistency.

Although there are not yet any official guidelines from the pro-
fessional societies within radiology, a categorization method for ITN

discovered on CT, MR imaging, and PET/CT has been proposed
and is known as the 3-tiered system (Table)."'*'* The 3-tiered
system is based on nodule size, patient age, and suspicious imag-
ing findings. Two retrospective studies found that the 3-tiered
system had the potential to reduce radiographic and endocrino-
logic work-up by 35%—46% without missing a malignancy."'* In
addition to reducing the costs, patient anxiety, and additional
procedures that are associated with unnecessary ITN work-up,
the advantage of such a system is standardization of radiology
reporting and recommendations. From a medical-legal perspec-
tive, guidelines would also serve as a resource for radiologists
when facing the dilemma of whether and how to report
incidentalomas."”

There are several limitations to this study. First, this is a retro-
spective study performed at a single institution, and these results
may not be generalizable to all radiology practices, particularly
smaller, less subspecialized ones. We know that on the basis of
prior survey results, radiologists at our institution describe fewer
ITNs in the “Impression” section of their reports.'® In a pub-
lished survey, a 15-mm nodule in a 60-year-old woman would be
reported in the “Impression” section (with or without recom-
mendation) by 78% of respondents®; in our study, 50% of nod-
ules 15-19 mm were actually reported in the “Impression.” In the
survey, a 10-mm nodule in a 60-year-old woman would be re-
ported in the “Impression” section (with or without recommen-
dation) by 56% of respondents; in our study, 50% of nodules
measuring 10—14 mm were actually reported in the “Impression.”
While ITNs may be reported differently at other institutions de-
pending on their size and practice type,> demonstrating variabil-
ity even within 1 institution highlights the problem of not having
guidance on managing ITNs.

Second, the text report search used likely underestimated the
number of incidental thyroid findings by only searching for the
phrase “thyroid nodule” and not including other related terms.
However, using this single search term provided a sufficient sam-
ple size during the 12-month study period, and we do not believe
that including all incidental thyroid findings would necessarily
alter the results. Third, nearly half of reports did not include a
description of the nodule size and were therefore excluded from
the analyses examining the relationship between nodule size and
reporting style. However, these nodules were included in the uni-
variate analyses of other factors influencing reporting style. Fi-
nally, we did not verify the findings reported in the radiology
reports by reviewing the images, nor did we examine other studies
performed during the time of interest to identify patients who had
ITNs on imaging that were overlooked or not reported by the
radiologist. Because our aim was to study the factors that influ-
enced reporting, it was only what the radiologist saw and inter-
preted that was relevant. Finally, we did not evaluate the outcomes
of the reporting styles and recommendations because we were
focused on radiologist reporting practices. These could be a topic
of future study.

CONCLUSIONS

One in 3 patients with ITNs detected on CT or MR imaging has a
thyroid nodule reported in the “Impression” section of the report,
and half of these patients have recommendations for additional
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evaluation. Whether an ITN is reported in the “Impression” ver-
sus left in the “Findings” section is predominantly influenced by
the nodule size and the radiologist’s subspecialty. The variability
demonstrated in this study further underscores the need to de-
velop CT and MR imaging practice guidelines that can be used by
all radiologists, with the goal of standardizing reporting of ITNs
and thereby potentially improving the consistency and quality of
patient care.

Disclosures: Rajan T. Gupta—UNRELATED: Consultancy: Bayer Pharma AG, Payment
for Lectures (including service on Speakers Bureaus): Bayer Pharma AG.

REFERENCES

1. Nguyen XV, Choudhury KR, Eastwood JD, et al. Incidental thyroid
nodules on CT: evaluation of 2 risk-categorization methods for
work-up of nodules. AJNR Am ] Neuroradiol 2013;34:1812—17

2. Yousem DM, Huang T, Loevner LA, et al. Clinical and economic
impact of incidental thyroid lesions found with CT and MR. AJNR
Am ] Neuroradiol 1997;18:1423-28

3. Hoang JK, Riofrio A, Bashir MR, et al. High variability in radiolo-
gists’ reporting practices for incidental thyroid nodules detected on
CT and MRI. AJNR Am ] Neuroradiol 2014;35:1190-94

4. Smith-Bindman R, Lebda P, Feldstein VA, et al. Risk of thyroid can-
cer based on thyroid ultrasound imaging characteristics: results of
a population-based study. JAMA Intern Med 2013;173:1788-96

5. Davies L, Welch HG. Current thyroid cancer trends in the United
States. JAMA Otolaryngol Head Neck Surg 2014;140:317-22

6. ItoY, Miyauchi A, Inoue H, et al. An observational trial for papillary
thyroid microcarcinoma in Japanese patients. World ] Surg
2010;34:28-35

7. Lee SI, Krishnaraj A, Chatterji M, et al. When does a radiologist’s

402 Grady Feb2015 www.ajnr.org

10.

11.

12.

13.

14.

15.

16.

recommendation for follow-up result in high-cost imaging? Radi-
ology 2012;262:544—49

. Sistrom CL, Dreyer KJ, Dang PP, et al. Recommendations for addi-

tional imaging in radiology reports: multifactorial analysis of 5.9
million examinations. Radiology 2009;253:453—61

. ChoJS, Fulgham P, Clark A, et al. Followup imaging after urological

imaging studies: comparison of radiologist recommendation and
urologist practice. ] Urol 2010;184:254—57

Bahl M, Sosa JA, Nelson RC, et al. Imaging-detected incidental
thyroid nodules that undergo surgery: a single-center experi-
ence over 1 year. AJNR Am ] Neuroradiol 2014;35:2176—80
Hobbs HA, Bahl M, Nelson RC, et al. Applying the Society of Radi-
ologists in Ultrasound recommendations for fine-needle aspiration
of thyroid nodules: effect on workup and malignancy detection.
AJR Am ] Roentgenol 2014;202:602—07

Lehnert BE, Sandstrom CK, Gross JA, et al. Variability in manage-
ment recommendations for incidental thyroid nodules detected on
CT of the cervical spine in the emergency department. ] Am Coll
Radiol 2014;11:681-85

Hoang JK, Raduazo P, Yousem DM, et al. What to do with incidental
thyroid nodules on imaging? An approach for the radiologist. Sernin
Ultrasound CT MR 2012;33:150-57

Hobbs HA, Bahl M, Nelson RC, et al. Journal club: incidental thy-
roid nodules detected at imaging— can diagnostic workup be re-
duced by use of the Society of Radiologists in Ultrasound recom-
mendations and the three-tiered system? AJR Am ] Roentgenol 2014;
202:18-24

Berlin L. Medicolegal: malpractice and ethical issues in radiology—
the incidentaloma. AJR Am ] Roentgenol 2013;200:W91

Johnson PT, Horton KM, Megibow AJ, et al. Common incidental
findings on MDCT: survey of radiologist recommendations for pa-
tient management. ] Am Coll Radiol 2011;8:762—67



ORIGINAL RESEARCH
PEDIATRICS

A Prospective Longitudinal Brain Morphometry Study of
Children with Sickle Cell Disease

R. Chen, M. Arkuszewski, J. Krejza, R A. Zimmerman, E.H. Herskovits, and E.R. Melhem
o=

ABSTRACT

BACKGROUND AND PURPOSE: Age-related changes in brain morphology are crucial to understanding the neurobiology of sickle cell
disease. We hypothesized that the growth trajectories for total GM volume, total WM volume, and regional GM volumes are altered in
children with sickle cell disease compared with controls.

MATERIALS AND METHODS: We analyzed Tl-weighted images of the brains of 28 children with sickle cell disease (mean baseline age, 98
months; female/male ratio, 15:13) and 28 healthy age- and sex-matched controls (mean baseline age, 99 months; female/male ratio, 16:12).
The total number of MR imaging examinations was 141(2—4 for each subject with sickle cell disease, 2-3 for each control subject). Total GM
volume, total WM volume, and regional GM volumes were measured by using an automated method. We used the multilevel-model-for-
change approach to model growth trajectories.

RESULTS: Total GM volume in subjects with sickle cell disease decreased linearly at a rate of 411 mm?® per month. For controls, the
trajectory of total GM volume was quadratic; we did not observe a significant linear decline. For subjects with sickle cell disease, we found
35 brain structures that demonstrated age-related GM volume reduction. Total WM volume in subjects with sickle cell disease increased
at a rate of 452 mm? per month, while the trajectory of controls was quadratic.

CONCLUSIONS: There was a significant age-related decrease in total GM volume in children with sickle cell disease. The GM volume
reduction was spatially distributed widely across the brain, primarily in the frontal, parietal, and occipital lobes. Total WM volume in

subjects with sickle cell disease increased at a lower rate than for controls.

ABBREVIATIONS: NIHPD = National Institutes of Health MRI Study of Normal Brain Development; SCD = sickle cell disease

Sickle cell disease (SCD) is one of the most common severe
single-gene disorders in the United States.! SCD is a hemo-
lytic disease characterized by abnormally shaped (sickled) red
blood cells, leading to anemia.” Patients with SCD have at least
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1 sickle cell hemoglobin chain and 1 other abnormal 8 globin
chain. The most common type of SCD is sickle cell anemia
(60%—70% of cases of SCD), characterized by 2 sickle cell he-
moglobin genes. The pathophysiology of SCD includes hemo-
globin polymerization, chronic anemia, hemolysis, and
vasculopathy.

MR imaging provides in vivo structural or functional images
of the brain. MR—based brain morphometry centers on neuro-
anatomic changes. It could provide a method for demonstrating
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FIG1. Image-processing pipeline: raw image (A), skull-stripped image (B), segmented gray matter

(€), and brain parcellation (D).

brain injury in children with SCD, complementary to lesion-
based analysis. Brain atrophy is defined as the abnormal loss of
brain-tissue volume and manifests visually as lobar asymmetry,
open sulci, or ventricular dilation.> A quantitative approach to
detecting atrophy is brain morphometry, which provides quanti-
tative measurements of brain-tissue volumes. There have been
several studies of SCD based on brain morphometry.*” Baldeweg
etal* performed whole-brain voxel-based morphometric analysis
on 36 children and adolescents with SCD (9-24 years of age) and
31 controls (8—25 years of age). They found that in comparison
with controls, subjects with SCD (with or without silent infarcts)
demonstrated white matter density reduction and gray matter
density changes. Kirk et al® used surface-based morphometry to
examine cortical thinning in children with SCD.

Studies have assessed age-related changes in neurocognitive
functioning in children with SCD.? In a longitudinal study of 373
children with SCD (618 years of age), Wang et al® reported that
the scores for verbal intelligence quotient, math achievement, and
coding declined with increasing age.

Age-related changes in brain morphology are crucial to under-
standing the neurobiology of SCD. However, most previous mor-
phometric studies have been only cross-sectional. No previous
studies, to our knowledge, have assessed longitudinal MR- based
morphometric changes in children with SCD. We addressed the
problem of characterizing brain structure development in chil-
dren with SCD in this study. We hypothesized that growth trajec-
tories for total gray matter volume, total white matter volume,
and regional gray matter volumes (normalized to total brain vol-
ume) are altered in children with SCD compared with controls.
We tested this hypothesis on the basis of data from a prospective
longitudinal study of children with SCD.

MATERIALS AND METHODS

Participants

This study included children with SCD and healthy children. The
SCD population was drawn from the Comprehensive Sickle Cell
Center at the Children’s Hospital of Philadelphia. The institu-
tional review board of the Children’s Hospital of Philadelphia
approved the protocol of this prospective study, which was also
compliant with the Health Insurance Portability and Accountabil-
ity Act. Written informed consent was given by subjects’ parents
(with assent for subjects 7 years and older). The SCD group had 28
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children with SCD. Inclusion criteria
were the following: 1) sickle cell anemia
genotype: homozygous SS, confirmed by
isoelectric focusing with DNA-based con-
firmatory testing or parental studies, 2)
no deficits on neurologic examination, 3)
no history of stroke, and 4) transcranial
Doppler sonography mean velocities
<170 cm/s in a routine screening exami-
nation. Exclusion criteria were the follow-
ing: 1) a history of major head injury re-
quiring a visit to an emergency
department; 2) a history of seizure disor-
der requiring anticonvulsant therapy; 3)
chronic transfusion therapy; 4) occur-
rence of a sickle cell anemia pain episode, acute chest syndrome,
oranother significant medical problem in the period oflaboratory
blood testing, neuropsychological testing, and sonographic stud-
ies; 5) a history of prenatal or perinatal hypoxic-ischemic brain
injury; and 6) evidence of HIV infection. The SCD group was
selected from a larger cohort of 67 children with SCD without
prior clinically overt stroke or transient ischemic attack.” The sub-
jects with SCD in the current study had longitudinal MR imaging
examinations.

The control group included 28 healthy children selected from
the National Institutes of Health MRI Study of Normal Brain
Development (NIHPD).'? Subjects were excluded if they met cri-
teria “established or highly suspected to adversely impact healthy
brain development.” Informed consent was obtained from par-
ents and adolescents, and assent was obtained from children. Pro-
tocols and procedures were approved by relevant institutional
review boards. For each subject in the SCD group, we selected an
age- and sex-matched child from the NIHPD data base. If there
was no age- and sex-matched child in the NIHPD data base for a
participant in the SCD group, we selected a healthy child whose
age was close to that of the subject with SCD.

MR Imaging and Analysis

The 28 children in the SCD group were those who had a minimum
of 2 yearly brain MR imaging examinations, including a baseline
examination. All subjects with SCD underwent MR imaging by
using a 3T Magnetom Trio scanner (Siemens, Erlangen, Ger-
many) at the Children’s Hospital of Philadelphia. The T1-
weighted MR imaging parameters were TR/TE/TI, 1380/2.15/800
ms; matrix, 256 X 256; voxel size, 1 X 1 X 1 mm. Among these 28
subjects, 16 children had 2 MR imaging examinations, 9 children
had 3, and 3 children had 4. The total number of MR imaging
examinations in this study was 71.

For the control group, a whole-brain 3D T1-weighted spoiled
gradient recalled-echo sequence was acquired. The matrix was
256 X 256, and section thicknesses were 1 and 1.4-1.8 mm on the
Siemens and GE scanners, respectively; MR image acquisition de-
tails are reported in the Brain Development Cooperative Group
reference.'" Each child in the control group underwent 2-3 bian-
nual MR imaging examinations.

The MR image analysis procedures (Fig 1) were as follows:
First, we used the FMRIB Brain Extraction Tool from FSL (http://



Demographic characteristics of the study

mean was 9 years (108 months, the sam-

SCD Controls PValue  ple mean) to ensure that the value of Age
Mean age across all observations (mo) m 116 732 associated with 7r,; was within the ob-
Age range across all observations (mo) 33-190 31-194 NA served range of Age."”
Mean age at basell.ne (mo) 98 £ 37.6 99 +38.0 947 The level 2 model allows the value of
Age range at baseline (mo) 33-156 31-157 NA b individual’ h
S (female/male) 15/13 16/12 788 each individual's growth parameters (1T0i

Note:—NA indicates not applicable.

www.fmrib.ox.ac.uk/fsl)'? to exclude nonbrain tissues. Then we
used SPM5 (Wellcome Department of Imaging Neuroscience,
London, United Kingdom)'? to perform joint segmentation and
registration, yielding GM, WM, and CSF by using labeled voxels,
normalized to the standard Montreal Neurological Institute
space. Automatic volume calculation was performed by using a
software package called Individual Brain Atlases Using Statistical
Parametric Mapping Software (http://www.thomaskoenig.ch/
Lester/ibaspm.htm). We thus parcellated each individual brain
into 90 brain structures defined in the brain template of Auto-
mated Anatomical Labeling (AAL)."* On the basis of the results of
tissue segmentation and brain parcellation, we calculated total
GM volume, total WM volume, total brain volume (defined as the
sum of GM and WM volumes), and regional GM volumes for the
90 Automated Anatomical Labeling structures, measured in cubic
millimeters. For regional GM volumes, we were interested in re-
gional rather than global effects; therefore, we adjusted regional
GM volumes for each subject’s total brain volume in the same MR
image. For a brain structure with index k, we defined relative
volume as 10,000 X [V,/(total brain volume)], where V, is the raw
regional volume of structure k; we multiplied the fraction V,/
(total brain volume) by 10,000 because V,/(total brain volume)
was typically a very small number and not stable under numeric
procedures. These regional volumes are relative measurements
and dimensionless. This image-analysis pipeline had been used in

other studies of pediatric populations.'>'®

Statistical Analysis: Modeling Trajectories
To analyze the trajectory of brain growth (for either children with
SCD or for healthy children in the control group), we used the
multilevel-model-for-change'® approach, which addresses simul-
taneously within-subject and between-subject questions about
change rates. This method can handle varying numbers of mea-
surements and variably spaced measurements. We used the xt-
mixed procedure in STATA 11 (StataCorp, College Station,
Texas) to implement this analysis.

There are 2 components in the multilevel model for change: level
1 and level 2 submodels. The level 1 component (the individual
growth model) represents the change that each member undergoes
during the time under study. If one adopts an individual growth
model in which change is a linear function of age, the level 1 model is

la) Y, =

j = o T 7 X Age + &

i
where Y is the outcome variable of interest, such as total GM
volume for subject i at time j, m, is the intercept of the growth
curve, 7; is the slope (rate of change) of the growth curve, and g;;
is the random measurement error. We recentered Age so that its

and ;) to be distributed about the rele-
vant population average. The level 2

model is
Toi = Yoo + Loi
1b) i = Yo T L

where 7,, and vy, represent the population average initial status
and rate of change, respectively, and {,; and {,; are level 2 residu-
als. We assume that g;; ~ N(0, 0.?) and {,; and {,; follow a joint
Gaussian distribution with the mean zero and the covariance ma-
trix 2. We used the maximum-likelihood estimation procedure in
STATA to estimate model parameters.

Sometimes the growth trajectory is quadratic. For this case, we
added Age” to the level 1 model. For a quadratic change trajectory,
the level 1 model is
2) Y, =

;= o + (mm; X Age) + (7 X Age®) + g

ij>

where 1, is the intercept of the growth curve, 7 ; is the instanta-
neous rate of change, and m,, is curvature. Note that 7r,; in the
linear change and quadratic change trajectories have different in-
terpretations. We selected a suitable level 1 model (linear change
or quadratic change) on the basis of the Bayesian information
criterion."?

We constructed the multilevel models for changes (total GM
and WM volume) for the SCD and control groups, respectively. If
the growth curve was linear, our null hypothesis was that vy, the
slope of the population-change trajectory, is zero. If the growth
curve was quadratic, our null hypothesis was that y,, the instan-
taneous rate of change, is zero.

We constructed multilevel models for change for the 90 re-
gional GM volumes for the SCD group to test whether v, is zero.
We performed Bonferroni multiple-comparison correction; if the
adjusted P value after multiple-comparison correction was <.05,
we rejected the corresponding null hypothesis.

RESULTS
The demographic characteristics of the study are summarized in
the Table. For the SCD group, each child underwent 2—4 annual
examinations. At baseline, the mean age was 98 * 37.6 months.
The female/male ratio was 15:13. For the control group, each child
underwent 2-3 biannual examinations. At baseline, the mean age
was 99 * 38.0 months; the female/male ratio was 16:12. There
were no significant differences in the baseline age (P = .947 based
on the 2-sample ¢ test) or female/male ratio (P = .788 based on the
X~ test) and the mean age across all observations (P = .732 based
on the 2-sample ¢ test). There were no significant differences in
the age range across all observations and the age range at baseline.
We did not observe any neurologic clinical events such as a
stroke or TIA during the period of observation in our patients
with SCD. We did not find any Moyamoya disease syndrome in
children with SCD.
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FIG 2. The population growth trajectory for total GM volume. A, the scatterplot of GM vol-
umes versus age. Triangles represent data points for the SCD group, and circles represent data
points for healthy control subjects. B, the fitted model. Red and blue curves are for the SCD and

control groups, respectively.

All MR imaging and MRA examinations were analyzed by 2
experienced neuroradiologists (with 20 and 30 years of experi-
ence) blinded to patient data. Discrepancies were resolved by con-
sensus. Silent infarct was defined as an area of abnormal hyperin-
tensity on FLAIR images =3 mm in diameter and visible in at least
2 perpendicular planes.

In the first MRA examination, we found 3 stenoses in 2 chil-
dren, including 1 child with isolated left terminal internal carotid
artery (tICA) stenosis (25%—49%) and 1 child with mirror steno-
ses of both anterior cerebral arteries (25%—49%).

On the basis of MR imaging data, we found silent infarcts in 15
children, including 1 with stenosis of the left tICA. In 9 children,
silent infarcts were observed in the first MR imaging examination
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(the baseline) and in all following MR im-
aging examinations; whereas in the re-
maining 6 children, silent infarcts were
recorded only in the follow-up studies.
We did not observe significant changes in
the total volume of silent infarcts. The
median values of the volume of silent in-
farcts in the following years (years 1-4)
were 29.5, 33, 54, and 32 mm?, respec-
tively. The small number of subjects with
silent infarcts did not allow us to perform
trajectory analysis because of a lack of sta-
tistical power.

Total GM and WM Volumes

Figure 2 displays the multilevel model for
change for total GM volume. For the SCD
group, the best-fitting model of age-re-
lated changes in total GM was linear. The
intercept y,,, which was the volume at 9
years of age, was 573,602 mm?. The slope
of the population change trajectory, v,
was —411; that is, total GM volume de-
creased at a rate of 411 mm” per month.
We rejected the null hypothesis (y,, = 0)
with P = .014. For the control group, the
best-fitting model of age-related changes in
total GM was quadratic. The intercept (the
volume at 9 years of age), the instanta-
neous rate of change, and curvature were
620,691 mm?’ (P < .001), 362 (P = .001),
and —8.94 (P < .001), respectively. The
trajectory was —8.94Age” + 362Age +
620,691. The average rate of change was
272 mm® per month.

Figure 3 shows the multilevel model
for change for total WM volume. For the
SCD group, the best-fitting model of age-
related changes in total WM was linear.
The intercept 7y,, was 363,260 mm? (P <
.001). The slope of the population change
trajectory, y,,, was 452 (P < .001); that is,
total WM volume grew at a rate of 452
mm?® per month. For the control group,
the best-fitting model of age-related
changes in total WM was quadratic. The intercept (the volume
at 9 years of age), the instantaneous rate of change, and curva-
ture were 423,073 mm? (P < .001), 1020 (P < .001), and —4.37
(P < .001), respectively. The trajectory was —4.37Age> +
1020Age + 423,073. The average rate of change was 976.3 mm?
per month.

Regional Volumes

The On-line Table summarizes results for the 90 regional vol-
umes. Because the multilevel models for changes in the On-line
Table are for relative regional volumes, the absolute value of rate
of change does not have a clear interpretation. Most of brain
structures in children with SCD underwent volume reduction (ie,



FIG 3. The population growth trajectory for total WM volume. A, the scatterplot of WM
volumes versus age. Triangles represent data points for the SCD group, and circles represent
data points for healthy control subjects. B, the fitted model. Red and blue curves are for the SCD

and control groups, respectively.

negative slope); only 8 of 90 structures had a positive slope. After
performing Bonferroni correction, we found that 35 structures
had a nonzero slope (P value with the Bonferroni correction
<.05).

Figure 4 shows slopes for these brain regions. Of note, slopes
were negative for all of these structures; that is, these structures
underwent volume reduction. The frontal, parietal, and occipital
lobes demonstrated significant age-related volume reduction: 11
of 30 structures in the frontal lobes, 9 of 14 structures in the
parietal lobes, and 8 of 14 structures in the occipital lobes had
nonzero slopes. The temporal lobe and the limbic system dem-
onstrated less age-related volume reduction: One of 12 struc-

tures in the limbic system and 4 of 12
structures in the temporal lobes had
nonzero slopes.

DISCUSSION

Atrophy, stroke, and cognitive impair-
ment are major consequences of SCD on
the brain. Children with SCD have a high
risk for a range of effects on the brain,
including overt stroke, cerebral infarcts
that occur without overt symptoms of
stroke (silent infarct), and insufficient ox-
ygen or glucose delivery or both that re-
sult in deficits in brain function without
structural tissue damage. Infarct (both
overt and silent) and atrophy are com-
mon MR imaging findings in children
with SCD.*°

In this study, we found that the total
GM trajectories for the SCD group and
the control subjects group were different.
The trajectory of total GM volume was
linear: Total GM volumes decreased at a
rate of 411 mm”’ per month for children
with SCD. For the age- and sex-matched
control subjects, the trajectory of total
GM volume was quadratic. As shown in
Fig 2, total GM volume first increased,
peaked at 11 years of age, and then de-
creased. We did not observe a significant
linear decline in total GM volumes. Sev-
eral MR imaging—based studies describe
anatomic brain changes in healthy chil-
dren and adolescents.”’** They found
that total GM volume increases or stabi-
lizes in healthy children as they develop
from 3 to 15 years of age. For example,
Matsuzawa et al** reported that total GM
volume gradually increased from 2 to 10
years of age. In a study of 35 normally de-
veloping children and adolescents be-
tween 7 and 16 years of age, Sowell et al*?
found that there was no significant
change in absolute total GM volume. In
contrast, we found a significant decline in
total GM volume for children with SCD between 3 and 16 years of
age.

For the SCD group, we found 35 Automated Anatomical
Labeling atlas structures demonstrated volume reduction with
age; these structures were distributed across the entire brain, pri-
marily in the frontal, parietal, and occipital lobes (Figure 4). In
contrast, GM volumes of structures in the temporal lobes and
limbic system did not change significantly.

The 2 events that occur in brain development for children
between 3 and 16 years of age are synaptic pruning and myelina-
tion.>* Both processes could result in the appearance of GM vol-
ume reduction. Synaptic pruning selectively prunes and refines
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FIG 4. The slopes of the GM growth trajectories for different brain regions. Only regions with
an adjusted P value <.05 are shown. Brighter color represents more severe volume reduction
rate (red indicates less severe volume reduction; white, more severe volume reduction).

synapses that are components of GM. Nonmyelinated peripheral
axonal and dendritic fibers do not have normal WM signal on
T1-weighted MR images and may be volume-averaged with gray
matter. Therefore, myelination could cause an apparent reduc-
tion in GM volume.*® For healthy children 3—15 years of age, the
interaction of synaptic formation, synaptic pruning, and myeli-

nation**¢

results in a pattern of total GM volume increase or
stabilization.””** In contrast, we found that total GM volume
decreases in children with SCD between 3 and 16 years of age and
that this GM reduction is distributed across the brain, primarily
in the frontal, parietal, and occipital lobes. Alternations in any
of these developmental processes (synaptic formation, new cell
generation, synaptic pruning, and myelination) could result in
apparent or actual GM volume loss.

Many MR imaging—based studies have examined anatomic brain
changes in healthy children."** Giedd et al*' reported that total WM
volume increased linearly with age in 145 healthy children and ado-
lescents; the net increase across the age range of 4-22 years was
12.4%. Our findings are consistent with these results. Furthermore,
we found that total WM volume increased in subjects with SCD at
approximately half the rate of that seen in control subjects. This find-
ing suggests that WM development is affected by SCD pathology.
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In this longitudinal study, we found
that the total GM and WM trajectories for
the SCD group were different from those
of controls. Other cross-sectional mor-
phometric studies also suggested that
brain morphologic features were changed
in children with SCD. Baldeweg et al* per-
formed voxel-based morphometric anal-
ysis in a study including 36 children and
adolescents with SCD (9-24 years of age)
and 31 controls (825 years of age). They
found that in comparison with controls,
subjects with SCD (with or without silent
infarcts) demonstrated WM density re-
duction. For subjects with silent infarcts,
decreases in WM density were found
along the ventricles bilaterally from the
anterior frontal to parieto-occipital white
matter. For subjects without silent in-
farcts, the pattern of WM decrease was
similar to that for subjects with silent in-
farcts. Baldeweg et al* also reported GM
changes. For subjects with silent infarcts,
areas with GM density decrease were
found along the medial wall of the frontal
and parietal lobes and areas with GM den-
sity decrease were found along the medial
frontal surface. In a cross-sectional study
including 83 children with SCD and 43 con-
trols, Steen et al” found that patients had 9%
less GM than controls at 5.0 years of age and
5% less GM than controls at age 9.5 years.
Kirk et al® used surface-based morphome-
try to examine cortical thinning in children
with SCD. They compared regional cortical
thickness between the SCD group (12 sub-
jects; mean age, 14.6 years) and the control group (15 subjects; mean
age, 15.6 years) and found that the SCD group had significant bilat-
eral thinning of the medial cortex, including the superior frontal re-
gions, the precuneus, and the paracentral. The frontal areas were
among the regions that showed significant thinning.

A possible explanation of the global effect of SCD on brain
development is related to the abnormal hemoglobin, which has
reduced oxygen affinity and low solubility in its deoxygenated
form, which subsequently leads to aggregation and “sickling” of
red blood cells.>”*® This process is at the core of the disease because
sickled cells have greater stiffness, thereby becoming entangled when
passing through capillaries and resulting in vaso-occlusive crises ob-
served in this population.?® In turn, sickled cells are prematurely
destroyed (hemolysis), the consequence of which is anemia. The
brains in these children, however, can be normally oxygenated
due to a substantial compensatory increase in cerebral blood
flow.>° This increase in CBF, however, is still controversial be-
cause a few recent studies did not detect increased brain perfusion
because of substantial compensatory peripheral vasodilation
(perfusion paradox).*'>*?

In anemia, oxygen transport is optimized at lower hematocrit
levels and higher blood volume to counterbalance abnormal



rheologic behavior of less pliable sickle red blood cells and the
high viscosity of blood, especially saturated with deoxygenated
hemoglobin SS.*” In a model,”” oxygen diffusivity of the capillary
bed could be adjusted with respect to perfusion, oxygen partial
pressure, hematocrit, and level of vasodilation, thus playing a cru-
cial role in regulating cerebral oxygen delivery in vivo. The auto-
regulation in children with SCD can also be affected via the
alternate hemolytic pathway that begins with intravascular de-
struction of red blood cells and the release of free hemoglobin and
arginase into the plasma. Free hemoglobin binds and inactivates
nitric oxide, and concomitantly, free arginase converts L-arginine
into ornithine, a nitric oxide substrate, reducing the production
of nitric oxide.>® Reduced levels of nitric oxide cause vasocon-
striction and may interfere with vasodilation that is required as a
response to an increase in wall shear stress and other stimuli.
Severe hemodynamic disturbances during a period of dynamic
brain development might lead to chronic ischemic brain injury
and subsequent reduction of GM and WM volume.

We found that the GM volume reduction in children with
SCD was primarily in the frontal, parietal, and occipital lobes,
while the temporal lobes and limbic system did not change signif-
icantly. The exact process underlying this region-specific GM vol-
ume reduction in children with SCD is unknown. We speculate
that it may be related to a region-specific manner of brain GM
maturation. In normal brain development, GM maturation be-
gins first in the dorsal parietal cortices and the spreads over the
frontal lobe and caudally and laterally over the parietal and occip-
ital lobes; finally, it spreads over the temporal lobe.>® Therefore,
we speculate that the frontal, parietal, and occipital lobes demon-
strated more reduction in children with SCD because the matu-
ration process in these lobes starts earlier and the accumulated
effect of hemodynamic disturbances is more significant.

Recently, there have been several cross-sectional DTT studies
of SCD.>>*” DTI uses MR imaging in different diffusion-sensitiz-
ing gradient directions. It is capable of detecting microstructural
WM changes.”® Balci et al*® analyzed DTI data for 16 patients with
SCD (mean age, 25.4 = 11.1 years) and 14 age- and sex-matched
healthy controls. They calculated fractional anisotropy and ap-
parent diffusion coefficients for predefined regions of interest.
Wide-ranging, bilateral changes in fractional anisotropy values
were observed in patients with SCD. Significant reduced frac-
tional anisotropy values, increased ADCs, or both were clustered
in several brain regions, including the corpus callosum, frontal
white matter, and centrum semiovale. Sun et al*” analyzed DTI
data for patients with SCD with no visible lesions (mean age,
15.19 * 1.55 years), patients with SCD with mild gliosis (mean
age, 15.38 * 3.05 years), and age-matched controls. They per-
formed tract-based spatial statistics analysis and found that both
SCD populations exhibited reduced anisotropy and increased dif-
fusivity compared with controls in several brain regions, includ-
ing the corpus callosum and centrum semiovale. These 2 cross-
sectional DTT studies suggest that WM is changed in patients with
SCD. This finding is consistent with the results of our study.

In this study, we modeled neurodevelopmental trajectories in
children with SCD. We found that trajectories of total GM and
WM in children with SCD were different from those of healthy
controls. In a longitudinal study of 373 children with SCD, Wang
et al® reported that scores for verbal intelligence quotient, math

achievement, and coding declined with increasing age. In a cross-
sectional study, Chen et al” found a linear association between
intelligence quotient and regional GM volume in children with
SCD. This finding suggests that some variance in intelligence quo-
tient in children with SCD is accounted for by regional variability
of GM volume.

One of the limitations of this study is that T1-weighted MR
images provide little information about which processes contrib-
ute to abnormal GM development. Multimodality imaging could
partially solve this problem. For example, DTT could provide ad-
ditional information about myelination (eg, on the basis of diffu-
sion anisotropy). Another limitation is that we did not monitor
continuously flow in small vessels during the period of observa-
tion. Therefore, we cannot determine the frequency and extent of
focal brain lesions corresponding to small-vessel ischemia.

Our future work will focus on the following: 1) determining
whether age-related changes in brain morphology are associated
with changes in neurocognitive functioning with time. We hope
to determine the extent to which variability in neurocognitive
functioning can be explained by age-related brain anatomic
changes. 2) Using longitudinal DTT to examine white matter de-
velopment in children with SCD could provide additional infor-
mation about white matter integrity and myelination.

CONCLUSIONS

To our knowledge, ours is the first longitudinal morphometry
study to investigate brain development in children with SCD. Us-
ing a multilevel-model-for-change approach to investigate brain
development of children with SCD, we found a significant decline
in total GM volume for children with SCD between 3 and 16 years
of age. This GM volume reduction is distributed broadly across
the brain, primarily in the frontal, parietal, and occipital lobes,
largely sparing the limbic system and temporal lobes. The findings
of this study may provide valuable information about the neuro-
pathology of SCD.

Our longitudinal morphometric study supports the notion
that reduced cerebral GM and WM volumes in neurologically
intact children with SCD can be an effect of chronic hemody-
namic complications and subsequent insufficient oxygen delivery
to neuronal tissue. Early detection of alterations in the delivery
and metabolism of oxygen is important because blood transfu-
sion or hydroxyurea therapy can reverse these functional deficits
before the structural changes become evident.

Disclosures: Rong Chen—RELATED: Grant: National Institutes of Health. Edward H.
Herskovits—UNRELATED: Expert Testimony: medicolegal; Grants/Grants Pending:
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Comparison of Spin-Echo and Gradient-Echo T1-Weighted
and Spin-Echo T2-Weighted Images at 3T in Evaluating
Term-Neonatal Myelination

AE. Tyan, AM. McKinney, T.J. Hanson, and C.L. Truwit

ABSTRACT

SUMMARY: A prior clinical report of 3T MR imaging in subsequently healthy very premature neonates imaged at term-equivalent age
found that both gradient recalled-echo—TIWI and spin-echo—T2WI showed higher rates of myelinated structures, compared with spin-
echo-TIWI. The current study set out to assess those rates on the same sequences at 3T in term neonates and thus consisted of 16 term
neonates with normal-appearing MR imaging findings who subsequently had normal findings at clinical follow-up. Two neuroradiologists
independently assessed 19 structures in those infants on all 3 sequences. Gradient recalled-echo-TIWI showed a slightly higher rate of
myelination (57.2%-72.4% of all structures) and interobserver agreement (k = 0.546, P << .0001) than spin-echo—T2WI (58.2%—64.8%; k =
0.468, P < .0001), while spin-echo-TIWI had the lowest myelination rate and agreement (25.0%—48.4%; k = 0.384, P < .0001). Both
observers noted that the following structures were myelinated in 88%—-100% of patients on gradient recalled-echo—TIW!I: the brachium of
the inferior colliculus, decussation of the superior cerebellar peduncle, habenular commissure, medial lemniscus, pyramidal decussation,
posterior limb of the internal capsule, and superior cerebellar peduncle; on spin-echo—-T2WI, there was myelination in 88%-100% of the
following structures: the brachium of the inferior colliculus, decussation of the superior cerebellar peduncle, inferior cerebellar peduncle,
medial lemniscus, and posterior limb of the internal capsule. In conclusion, this study confirmed that similar to the findings in term-
equivalent-age premature infants, myelination changes in term neonates may be best assessed on both gradient recalled-echo-TIWI and
spin-echo—T2WI at 3T, and not on spin-echo-TIWI.

ABBREVIATIONS: BIC = brachium of the inferior colliculus; CST = corticospinal tracts; DSCP = decussation of the superior cerebellar peduncle; GRE = gradient

recalled-echo; ICP = inferior cerebellar peduncle; PLIC = posterior limb of the internal capsule; SCP = superior cerebellar peduncle; SE = spin-echo

R imaging is often used in term neonates to assess myelination

and to evaluate hypoxic-ischemic injury, developmental mal-
formations, metabolic diseases, intracranial infections, and vascular
injuries such as stroke or venous sinus thrombosis.! While the pro-
cess of myelination in term neonates has been well-documented his-
tologically, there is a need to confirm such myelination by MR imag-
ing; thus, previous studies at lower field strengths (=<1.5T) have
described normal myelination patterns in both term and preterm
neonates on conventional spin-echo (SE)-TIWI and SE-T2WTI se-
quences.>® However, these patterns could differ at higher field
strengths, where there are expectable gains in signal-to-noise and
contrast-to-noise ratios, and the gray-white matter differentiation on
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SE-T1WI may worsen.*” Thus, there are few data comparing term-
neonatal myelination among gradient recalled-echo (GRE)-T1WI,
SE-TIWI, and SE-T2WI at 3T in subsequently healthy term neo-
nates. However, a recent preliminary study of subsequently develop-
mentally healthy very preterm neonates evaluated by 3T MR imaging
at term-equivalent age showed that both GRE-T1WT and SE-T2WI
had much higher rates of myelinated structures than SE-T1WI, with
certain structures being visible on both GRE-T1WI and SE-T2WTin
all infants: namely, the decussation of the superior cerebellar pedun-
cle (DSCP), inferior cerebellar peduncle (ICP), and lateral lemnis-
cus.® That study also found that there was myelination in 90%-100%
of these term-equivalent patients in the medial lemniscus, pyramidal
decussation, posterior limb of the internal capsule (PLIC), and supe-
rior cerebellar peduncle (SCP) based solely on GRE-T1WI, and
within the spinal tract of V (ie, the spinal trigeminal tract) based
solely on SE-T2WI.

The purpose of this study was to assess the rates of myelination
as determined by using these 3 sequences in a group of subse-
quently healthy term neonates who were initially evaluated for
suspected hypoxic-ischemic injury and had normal MR imaging
findings according to 2 pediatric neuroradiologists. Our goal was
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FIG1. A 3-day-old male neonate with respiratory depression. A—C, MR images at the level of the
centrum semiovale demonstrate mildly bright signal of the perirolandic cortex (black arrows) on
GRE-TIWI (A) and SE-TIWI (B). The perirolandic cortex appears darker on SE-T2WI (C) relative to

diatric intensivist. The parameters were
identical to those of a prior study of very
preterm neonates at 3T, which, for GRE-
T1WI, were the following: a volumetric
acquisition of 9.8/4.6 ms/8°/15-20 cm/1
(TR/TE/Mlip angle/FOV/NEX), a 169 X
169-240 X 240 matrix, 1-mm-thickness
reconstructed axially at 3 mm (0-mm
gap), and an acquisition time of 5 min-
utes. For SE-T1WI, the parameters were
the following: 353-734/10 ms/14-20
cm/1 (TR/TE/FOV/NEX), a 168 X 132—
265 X 205 matrix, an axial thickness of 3
mm (0.3-mm gap), and an acquisition
time of 5 minutes. For SE-T2WI, the pa-
rameters were the following: a turbo fac-
tor of fourteen, 3000/80-122 ms/14-20
cm/2 (TR/TE/FOV/NEX), a 268 X 190—
400 X 312 matrix, an axial thickness of 3
mm (0.3-mm gap), and an acquisition
time of approximately 2.5 minutes.®

the remainder of the frontal and parietal cortices in most, but not all, infants in this study. The CST

(asterisk) are also quite bright on both TIWI sequences and are mildly dark on SE-T2WI. D-F, On
images at a lower level through the basal ganglia, the PLIC (arrows) and the habenular commissure
(split arrows) appear visibly myelinated (ie, bright) on GRE-TIWI (D), SE-TIWI (E), and on SE-T2WI
(F), though the PLIC appears much smaller on SE-T2WI. Both the habenular commissure and the
PLIC appear myelinated on GRE-TIWI in all term neonates in this study.

to determine whether the degree of myelination on those 3 se-
quences at 3T matched that of prior studies at lower field strengths
and matched the findings of a prior 3T study of preterm neonates

imaged at term-equivalent age.>>°

MATERIALS AND METHODS

Institutional review board approval was obtained. PACS data base
and clinical record reviews identified all term neonates younger
than 21 days of age with a 3T MR imaging to evaluate for hypoxic-
ischemic injury between July 2006 and July 2012 (n = 49), with
the intent of including only subsequently developmentally
healthy children. Of the 49 term neonates, we excluded 33 on the
basis of the following: cerebral structural pathology, hypoxic-
ischemic injury, or parenchymal hematoma on MR imaging (n =
15); 1 of the 3 sequences missing (1 = 9); neurologic deficit on
clinical follow-up (n = 3); parenchymal calcification (n = 1);
meningitis (n = 1); no clinical follow-up at older than 6 months of
age (n = 3); or motion precluding evaluation (n = 1). Thus, we
included 16 term neonates with normal initial MR imaging find-
ings who were considered subsequently developmentally healthy
on the basis of clinical evaluations at older than 6 months of age.
At 3T, 3-mm axial GRE-TIWI, SE-T1WI, and SE-T2WTI se-
quences are standard in our noncontrast MR imaging evaluation
for suspected hypoxic-ischemic injury. Of the 16 remaining pa-
tients included for analysis, 10 were male and 6 were female. The
recorded 5-minute Apgar scores of those patients ranged from 3
to 9, with a median score of 7.

MR Imaging Technique
All patients were scanned on a single 3T magnet (Intera; Philips
Healthcare, Best, the Netherlands), with patients sedated by a pe-
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Image Interpretation

Two staff neuroradiologists (A.M.M.,
C.L.T., each with at least 10 years’ expe-
rience in interpreting neonatal MR im-
aging) independently assessed each of
the 19 structures, evaluating each sequence separately. The struc-
tures assessed were based on previous studies and included the
following: brachium of the inferior colliculus (BIC), callosal sp-
lenium, cranial nerve V fascicle, corticospinal tracts (CST) within
the brain stem, CST within the centrum semiovale, DSCP, habe-
nular commissure, ICP, lateral geniculate nucleus, lateral lemnis-
cus, medial lemniscus, medial longitudinal fasciculus, optic
nerves, optic tracts, pyramidal decussation (being in close prox-
imity to the decussation of the medial longitudinal fasciculus),
PLIC, perirolandic cortex, SCP, and the spinal tract of V.>>° The
2 staff reviewers consulted a dedicated imaging atlas to confirm
the location of smaller brain stem structures before review.” Each
of the 19 structures was recorded as being “definitely myelin-
ated” (+, being relatively hyperintense on GRE-/SE-T1WI or
hypointense on SE-T2WI compared with surrounding struc-
tures or periventricular white matter), “nonmyelinated” (—),
or “equivocal” (*), identical to the method of the prior study
of very preterm neonates at 3T.° Representative examples of
myelination assessment in 16 of the 19 structures are demon-
strated in Figs 1-4, with the exception of the callosal splenium
and the medial longitudinal fasciculus because those 2 struc-
tures had very low rates of myelination in this study (see the
“Results” section).

Regarding statistical analysis, the overall percentage of myeli-
nation rates of all structures and the interobserver reliability (k)
for each structure were calculated on the basis of each sequence.
Later, after reviewing the medical records to determine which
patients had undergone therapeutic head cooling within the first
72 hours, a Mann-Whitney U test was implemented to determine
whether there were overall any significant differences between



FIG 2. A 3-day-old male neonate with respiratory depression. MR images demonstrate clearly
visible bright signal on GRE-TIWI (A and B) and clearly visible dark signal on SE-T2WI (C and D),
indicative of normal early myelination within the BIC (wide arrows) and the DSCP (curved ar-
rows). The optic tracts (thin arrows) are visibly myelinated on GRE-TIWI but are questionably
myelinated on SE-T2WI. The BIC and the DSCP were both clearly myelinated in at least =88% of
patients on both GRE-TIWI and SE-T2WI, while the SCP was myelinated in =88% of patients on
GRE-TIWI only. Note the apparently myelinated lateral geniculate nuclei (arrowheads).

FIG 3. A 6-day-old male neonate with respiratory depression. Axial MR images illustrate bright
myelination of the medial lemnisci (long arrows), lateral lemnisci (dotted arrows), cranial nerve V
fascicle (dashed arrows), and SCP (beveled arrows) on GRE-TIWI (A and B), which were not clearly
visible on SE-TIWI (not shown), but all appeared dark (myelinated) on SE-T2WI (C and D). The
medial lemnisci were visibly myelinated in =94% of neonates on both GRE-TIWI and SE-T2WI. In
most patients, the lateral lemnisci and cranial nerve V fascicle were best visualized as being
myelinated on GRE-TIWI.

FIG 4. A 4-day-old female neonate with respiratory depression and possible seizures. The pyra-
midal decussation (circle tipped arrows) is visibly myelinated (bright) on GRE-TIWI (A and B) but
was rated as “questionably myelinated” (ie, scored = by both reviewers on SE-T2WI (C and D). In
contrast, the spinal tract of V (open arrowheads) was considered to be “definitely myelinated”
(ie, scored +) by both reviewers on SE-T2WI, while it was considered to be only “questionably
myelinated” on GRE-TIWI. The ICP (double arrows) appeared clearly myelinated on both se-
quences. On SE-TIWI (not shown), myelination was not visible (ie, scored as —) by either reviewer
in the aforementioned structures in this patient. The ICP was the 1 structure that was clearly
myelinated in all neonates on SE-T2WI and was better visualized as being “definitely myelinated”
(ie, scored +) on SE-T2WI compared with both GRE-TIWI and SE-TIWI.

on SE-T2WI (range, 58.2%—64.8%),
and 36.7% on SE-T1WI (range, 25.0%—
48.4%). The percentages of each struc-
ture counted as “+” for myelination
based on each sequence are shown in the
Table. Both observers found the follow-
ing structures to be “definitely myelin-
ated” in =88% of all patients on GRE-
TIWIL: the BIC, DSCP, habenular
commissure, medial lemniscus, pyrami-
dal decussation, PLIC, and SCP. In ad-
dition, both reviewers noted that the
optic tracts were definitely + for
myelination in >80% of patients on
GRE-T1IWI. On SE-T2WI, myelination
was definitely + in =88% of patients
within the following structures: BIC,
DSCP, ICP, medial lemniscus, and
PLIC; both reviewers noted that on SE-
T2WI, the SCP appeared dark (defi-
nitely +) in =75% of patients. Regard-
ing SE-T1WI, the only structure that
both observers deemed definitely + for
myelination in >88% of patients was
the habenular commissure. Note that 3
structures had a low rate of being + for
myelination on all 3 sequences (a <40%
myelination rate on each sequence): the
callosal splenium, the CST within the
brain stem, and the medial longitudinal
fasciculus. Examples of myelinated
structures on the 3 sequences used are
provided in Figs 1-4.

The reviewers agreed overall on
64.0% of all scores. The interobserver
was moderate-strong for GRE-T1WI
(k = 0.546, P < .0001), moderate for
SE-T2WI (k = 0.468, P < .0001), and
fair-moderate for SE-T1IWI (k = 0.384,
P < .0001). The structures with the
highest rate of disagreement between
observers were the ICP on GRE-T1WI
and SE-T1WI, the PLIC on SE-T1WI,
and the pyramidal decussation on SE-
T2WI (Table).

Nine patients had undergone head
cooling within the first 72 hours of life; 7
had not. A Mann-Whitney U test
showed that overall, there were no sig-
nificant differences (each P > .05)

cooled (n = 9) and noncooled (n = 7) patients for each of the 3
sequences. Statistical significance was set to P < .05 for each of the
above-mentioned calculations.

RESULTS

Overall, with regard to all structures in all 16 patients, the number
of regions counted as “definitely myelinated” (+) was a mean of
64.8% on GRE-T1WI (range, 57.2%—72.4% by observer), 61.5%

among all scores of the cooled-versus-noncooled patients for ei-
ther reviewer, based on GRE-T1IWI (P = .124-.923), SE-T1WI
(P = .794-.884), or SE-T2WI (P = .316-.837).

DISCUSSION
Because the process of myelination is dynamic in the neonate and
infant, the determination of the degree of myelination is perhaps
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Percentages and numbers of term infants with myelination

GRE-TIWI SE-TWI SE-T2WI

Structure Observer 1 Observer 2 Observer 1 Observer 2 Observer 1 Observer 2
BIC 100%,*16/16 94%,215/16 75%,12/16 50%, 8/16 100%,216/16 88%,214/16
CCS 0%, 0/16 0%, 0/16 0%,0/16 0%,0/16 6%,1/16 38%, 6/16
CNV 94%,215/16 56%, 9/16 50%, 8/16 6%,1/16 44%,7/16 13%, 2/16
CST-BS 25%,4/16 0%,0/16 0%,0/16 0%,0/16 0%,0/16 0%,0/16
CST-CS 75%,12/16 63%,10/16 75%,12/16 31%, 5/16 6%,1/16 6%,1/16
DSCP 100%,%16/16 100%,%16/16 81%,13/16 31%, 5/16 100%,216/16 94%,215/16
HC 100%,*16/16 100%,*16/16 100%,*16/16 94%,%15/16 69%,11/16 63%,10/16
ICP 88%,%14/16 31%, 5/16 56%, 9/16 0%,0/16 100%,%16/16 100%,%16/16
LGN 38%, 6/16 25%,4/16 6%,1/16 0%,0/16 50%, 8/16 56%,9/16
LL 94%,15/16 69%,11/16 38%, 6/16 56%, 9/16 75%,12/16 44%,7/16
ML 100%,% 16/16 94%,215/16 88%,%14/16 25%,4/16 100%,%16/16 100%,%16/16
MLF 25%,4/16 0%,0/16 0%,0/16 0%,0/16 19%, 3/16 31%, 5/16
ON 44%,7/16 44%,7/16 0%,0/16 0%,0/16 19%, 3/16 44%,7/16
oT 88%,%14/16 81%,13/16 69%,11/16 56%, 9/16 56%,9/16 56%,9/16
PD 94%,215/16 88%,%14/16 31%, 5/16 6%,1/16 88%,%14/16 38%, 6/16
PLIC 100%,*16/16 100%,*16/16 100%,*16/16 44%,7/16 88%,214/16 88%,214/16
PRC 56%, 9/16 19%, 3/16 31%, 5/16 6%,1/16 88%,214/16 63%,10/16
SCP 100%,%16/16 100%,%16/16 75%,12/16 44%,7/16 88%,%14/16 75%,12/16
STV 56%, 9/16 25%,4/16 44%,7/16 25%,4/16 81%,13/16 69%,11/16

Note:—CCS indicates callosal splenium; CNV, cranial nerve V fascicle; CST-BS, CST in the brain stem; CST-CS, CST in the centrum semiovale; HC, habenular commissure; LGN,
lateral geniculate nucleus; LL, lateral lemniscus; ML, medial lemniscus; MLF, medial longitudinal fasciculus; ON, optic nerve; OT, optic tract; PD, pyramidal decussation; PRC,

perirolandic cortex; STV, spinal tract of V.
2 Structures with =88% of patients with myelination.

the most important indicator of brain maturation on MR imag-
ing.”> The current study confirms that GRE-T1WI seems to “lead”
SE-T1WI in regard to the degree of myelination and has a higher
interobserver reliability in subsequently healthy term neonates;
this finding is in accordance with a prior 3T study that used the
same sequences in subsequently healthy very preterm neonates
imaged at term-equivalent age. However, the current study
found slightly higher rates of myelination changes on GRE-T1WI
than on SE-T2WI, while the prior analysis of very preterm neo-
nates suggested that SE-T2WT detected myelination as well as or
better than GRE-T1WIL.® The current results confirm that at 3T,
GRE-T1WTI and SE-T2WTI should be preferred to SE-T1WT in the
assessment of term-neonatal myelination maturation.

While prior studies at lower field strengths have shown that
myelination is usually visible on SE-T1WIT before SE-T2WI, the
findings of this study of myelination on GRE-TIWI and SE-
T2WI, compared with SE-TIWI, could be due to several factors,
including field strength.®® First, compared with the adult brain,
the healthy neonatal brain generally demonstrates T1 prolonga-
tion, thought due to a lack of myelin-based lipids such as galacto-
cerebrosides and cholesterol, along with increased water con-
tent.>'%'? The high concentration of free water at birth also
contributes to the prolonged T2 signal seen in both term and
preterm neonate brains at lower field strengths; the absence of
certain hydrocarbon elements, such as those found in adult my-
elinated tissue, may also contribute to such T2 prolongation in
early infancy, which could be more pronounced at 3T.%'>71¢

As regions mature, the decrease in free water could be less
apparent on SE-T1WT at 3T because the bright, T1-shortened
signal from maturation is offset by a decrease in spin attenuation.?
Also, at 3T, conventional spin-echo sequences are often replaced
by an FSE acquisition to decrease scanning time, while attempting
to preserve the precision of the myelination evaluation; thus, it is
plausible that the increased visibility of dark signal on SE-T2WT at
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3T may partially relate to the increasing magnetization transfer
effects that occur with an FSE acquisition.'”'® Additionally, a
GRE-T1WTI acquisition at 3T may offer other advantages over
SE-T1WTI for example, GRE-T1WT has shown a higher SNR gain
compared with FSE T1WI techniques at 3T in adult brains."®
Hence, such known effects may account for the greater visibility of
myelination on GRE-T1WI and SE-T2WT at 3T in neonates, com-
pared with SE-TIWI, based on the results of this study and the
prior one.® However, such theoretic benefits in evaluating myeli-
nation at higher field strengths are speculative, without direct
comparison among field strengths or corroboration by histology.

The noted differences in the frequency of maturation of struc-
tures among sequences, as exemplified in the current study by the
habenular commissure, ICP, and perirolandic cortex, could be
explained by some of the complex interactions mentioned above,
including the use of FSE acquisitions, the concentration of free
water surrounding a structure, and other factors related to the
composition of myelin or its precursors.'®*°*> Unfortunately,
many MR imaging studies of myelination in neonates do not con-
sistently evaluate the same set of structures, particularly the habe-
nular commissure, for example. It has been noted previously that
there can be substantial discrepancies both among the literature
and among sequences regarding myelin maturation; for example,
1 noted factor has been that magnetization transfer effects may
augment the visualization of maturation on FSE-T2WT versus
conventional SE-T2W1.'®2"2> While conventional knowledge is
that TIWI is more useful for early myelination changes and T2WI
is better for later myelination changes, there are studies that sug-
gest that certain structures may preferentially manifest the initial
changes of maturation on T2WTI; also, Barkovich? has suggested
that myelination of gray matter structures may be best demon-
strated on T2WI, whereas white matter structures may be better
visualized on TIWL>'**? Given such variations in myelination
among sequences and among the literature at lower field



strengths, it is conceivable that such differences would theoreti-
cally be exacerbated at higher fields strengths such as 3T.

An important finding in the current study was that the appar-
ent discrepancy regarding the frequency of T1-bright myelination
of the CST within the brain stem was less than that of the PLIC,
though maturation is known to occur earlier within the CST
within the brain stem both histologically and at lower field
strengths (eg, 0.6T, 1T)."*** This appearance could be due to a
complex interaction of various factors in the current 3T study: the
composition of myelin (or its precursors) in that location, the
presence of free water, the “compactness” of fibers, or the field
strength. As stated above, the T1-bright, T2-dark appearance of
the dynamic process of myelination likely relates to a complex
interaction of the progressively decreasing free water content
along with cholesterol, galactocerebrosides, and proteins of the
myelin membrane.>'>'"**?! It is conceivable that a site with a
higher degree of “compactness” of fibers, as evidenced by the
described higher fractional anisotropy in the PLIC relative to the
CST within the brain stem, could have brighter T1 signal due to a
higher concentration of myelin or myelin precursors.>>>° Such
lower “compactness” of fibers in the CST within the brain stem,
albeit being myelinated earlier, in tandem with the known sur-
rounding higher free water content of the ventral pons in general,
could theoretically obscure what should appear as T1-bright sig-
nal intensity. This appearance may be even more profound at
higher field strengths such as 3T, due to its increasing ability to
depict free water.'**%** Thus, this discrepancy between the cur-
rent study and histology is likely an MR imaging discrepancy at 3T
that radiologists and clinicians should be aware of. Therefore,
because the CST within the brain stem is known to be myelinated
earlier than the PLIC, the lack of T1-bright signal within the CST
within the brain stem on 3T MR imaging should not be miscon-
strued as a lack of maturation in this location.

Another interesting finding of this study was that on all se-
quences, the callosal splenium exhibited a much lower rate of
myelination (<40%) on SE-T2WI compared with the rate in the
prior study of very preterm neonates at term-equivalent age
(>90%).° The difference between these cohorts deserves some
discussion as to possible factors. One is that, while the growth of
the callosal genu slows after birth, in contrast, splenial growth
accelerates after birth; perhaps this finding could represent accel-
erated myelination in the cohort of very preterm neonates.>”
However, diffusion tensor imaging studies that have focused on
the callosal splenium have shown disparate results; 1 study of
preterm infants at term-equivalent age found significant differ-
ences compared with term infants, while another found no defi-
nite relationship between gestational age and changes in various
DTTI parameters.”®*® Theoretically, another possibility may relate
to a phenomenon called the “visual experience” hypothesis,
which essentially states that because preterm infants are “out” of
the mother longer by the time of term-equivalent imaging (rela-
tive to full-term neonates), healthy premature infants would have
experienced a greater degree of visual stimulation and thus would
have accelerated maturation of visual pathways by the same post-
natal gestational age.’® Most interesting, studies using visual-
evoked potentials and contrast sensitivities have suggested accel-
erated maturation of the visual cortices in preterm relative to term

infants, which might have manifested in the current study as ear-
lier visualization of callosal splenium maturation in the preterm
infants imaged at term-equivalent age.>>>' However, this finding
on MR imaging is difficult to prove without correlating it with
other clinical tests.

Regarding the interobserver reliability, a potential criticism of
this study would be that the interobserver reliability was not high,
because GRE-T1WI was moderate-strong (k = 0.546), SE-T2WI
was moderate (k = 0.468), and SE-T1WI was fair-moderate (k =
0.384). We opine that the findings of moderate-strong interob-
server reliability highlight how the task of assessing myelination in
young infants can be challenging, which has been mentioned pre-
viously.*' Such variability is quite similar to that in the prior study
of very preterm neonates at term-equivalent age, in which GRE-
T1WI was moderate-high (k = 0.56) and both SE-T2WI (k =
0.43) and SE-T1WI (k = 0.40) were moderate.® Our review of the
limited available literature on the subject of interobserver reliabil-
ity in term neonates found only a few reports even at lower field
strengths, with the interobserver k ranging from 0.21 to 0.40 by
using routine sequences in early infancy.»*****> One study of
solely very preterm neonates found a much higher interobserver
reliability (k = 0.72) when using SE-T1WI, SE-T2WTI, and inver-
sion recovery TIWT at 1T, but that study analyzed fewer struc-
tures and did not provide the k for each sequence; thus, their
results are difficult to extrapolate onto the current study.” It is also
plausible that there is lower interobserver reliability at 3T com-
pared with lower field strengths, but this aspect was not explored
by the current study. Hence, we opine that such interobserver
variability is likely present even among experienced pediatric neu-
roradiologists who routinely assess myelination, due to subtle
changes in early infancy, but this phenomenon is perhaps under-
reported. Therefore, we think that such variability underscores
the need to use GRE-T1WT at a minimum when assessing myeli-
nation at 3T.

The limitations of this study include those inherently involved
with retrospective analyses. Also, a qualitative analysis based on
subjective scoring was used, in the fashion of the prior report of
preterm neonates.® Additionally, the number of participants was
limited, because MR imaging was only performed when there was
clinical concern for hypoxic-ischemic injury; this limitation could
have caused selection bias because 9 of the 16 patients had under-
gone head-cooling therapy before the MR imaging. Thus, it is
plausible that a difference in myelination may exist between
cooled and noncooled patients; however, we found no significant
difference between those 2 groups regarding the degree of myelin-
ated structures. Finally, another potential limitation is that a min-
imum clinical follow-up of 6 months may not have been enough
to entirely ensure a lack of mild neurologic sequelae.

CONCLUSIONS

GRE-T1WI depicts a higher degree of myelination than SE-TIWI
and has a higher interobserver reliability than both SE-T2WT and
SE-T1WI. Compared with a prior 3T study of very preterm in-
fants at term-equivalent age, in which SE-T2WI showed a slightly
higher overall rate of myelination in very preterm infants, our
study found that GRE-T1WT had a slightly higher rate of myeli-
nation than SE-T2WI. These findings confirm that in both term

AJNR Am J Neuroradiol 36:411-16  Feb 2015 www.ajnr.org 415



neonates and term-equivalent age infants, myelination changes

are

best evaluated on GRE-T1WI and SE-T2WTI at 3T, while the

performance of SE-TIWI at 3T is inferior in assessing the degree

of neonatal myelination.
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Time-Resolved Contrast-Enhanced MR Angiography of Spinal
Vascular Malformations

M. Amarouche, J.L. Hart, A. Siddiqui, T. Hampton, and D.C. Walsh

ABSTRACT

BACKGROUND AND PURPOSE: The diagnosis of spinal vascular malformations may be challenging on conventional MR imaging because
neither the location of the signal abnormality in the spinal cord nor the level of the abnormal flow voids correlates with the level of the
fistula. We conducted a retrospective evaluation of the utility of using a time-resolved imaging of contrast kinetics sequence in the
diagnosis, characterization, and localization of spinal vascular malformations, comparing it with the criterion standard of spinal DSA.

MATERIALS AND METHODS: Fifty-five consecutive patients with a suspected diagnosis of spinal vascular malformation underwent
time-resolved imaging of contrast kinetics followed by spinal DSA. All scans were performed on a 1.5T scanner by using a standard
8-channel spine coil and were reported by a neuroradiologist before the DSA was performed.

RESULTS: Forty-seven lesions were confirmed on time-resolved imaging of contrast kinetics and classified as spinal dural arteriovenous
fistulas (n = 33, with 1 patient having a type Ib fistula), perimedullary spinal cord arteriovenous fistulas (n = 10), and intramedullary
arteriovenous malformations (n = 3). One patient had an extradural spinal vascular malformation. Time-resolved imaging of contrast
kinetics identified the location of the arterial feeder to within 1 vertebral level in 27/33 patients (81.8%) with spinal dural arteriovenous
fistulas and correctly predicted the side in 22/33 (66.6%) patients. Perimedullary spinal cord arteriovenous fistulas were erroneously
considered to represent spinal dural arteriovenous fistulas before spinal DSA. The anatomy of the arterial supply to intramedullary
arteriovenous malformations was also poorly characterized on time-resolved contrast-enhanced MR angiography.

CONCLUSIONS: It has been our experience that time-resolved imaging of contrast kinetics is a useful confirmatory tool when a spinal vascular
malformation is suspected on the basis of clinical and conventional MR imaging findings. As experience with the technique grows and sequences
are refined, it may be possible to rely on time-resolved imaging of contrast kinetics as a screening tool for the diagnosis of spinal vascular
malformations.

ABBREVIATIONS: PMAVF = perimedullary spinal cord arteriovenous fistula; SCAVM = intramedullary arteriovenous malformation; SDAVF = spinal dural arterio-
venous fistula; SVM = spinal vascular malformation; TRICKS = time-resolved imaging of contrast kinetics; TR-MRA = time-resolved contrast-enhanced MR angiography

pinal vascular malformations (SVMs) are an uncommon and
heterogeneous group of vascular abnormalities."™ Early di-
agnosis is important because SVMs are a treatable cause of a
potentially reversible myelopathy. Unfortunately, there is of-
ten considerable delay between symptom onset and treatment:
The diagnosis of SVM may be challenging on conventional MR
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imaging because the associated spinal cord intramedullary
T2WI hyperintensity may mimic a tumor, an inflammatory
pathology, or an infection. Moreover, neither the location of
the signal abnormality in the spinal cord nor the level of the
abnormal flow voids correlates with the level of the fistula.
Catheter-based spinal digital subtraction angiography is con-
sidered the criterion standard diagnostic technique to describe the
angioarchitecture of SVMs. However, it is an invasive and poten-
tially lengthy undertaking, requiring selective catheterization of
all the arteries supplying the spinal cord. It will sometimes require
general anesthesia to ensure that the patient is still during the
procedure. If not, it may require staging to a second examination.
The contrast and radiation doses can be higher than preferable.
It is therefore desirable that a noninvasive imaging technique
to characterize these lesions either replace or allow targeted
conventional angiography of SVMs. Time-resolved contrast-
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enhanced MR angiography (TR-MRA) techniques have shown
particular promise. In this article, we describe their application in
our institution to SVMs during a 7-year interval.

First described in the 1980s,” TR-MRA techniques allowed the
acquisition of images with good spatial and contrast resolution,
but they were too slow to follow the uptake of the contrast agents,
resulting in poorer temporal resolution images than DSA. The
keyhole method proposed by van Vaals et al® in 1993 accelerated
the contrast uptake severalfold, resulting in better quality images.
Three years later, Korosec et al” introduced the time-resolved im-
aging of contrast kinetics (TRICKS). They described a method in
which the k-space is sampled more frequently than the peripheral
regions and timeframes are formed by temporal interpolation,
continuously updating the spatial frequency uptake and signifi-
cantly improving the image quality compared with the keyhole
technique. TR-MRA techniques continue to progress with the
most recent TRICKS techniques offering the ability to temporally
resolve the arterial and venous phases of an MRA study. These are
being used increasingly for evaluation of the vasculature in the
extremities,®® brain,'®'" and spine.' "'

Our institution adopted TR-MRA by using the TRICKS se-
quence as part of our standard evaluation of suspected SVMs in
2005. We conducted a retrospective evaluation of the utility of
using the TRICKS technique in the diagnosis, characterization,
and localization of SVMs, comparing it with the criterion stan-
dard of spinal DSA.

MATERIALS AND METHODS

Patient Population

Between May 2006 and January 2014, 55 patients with a suspected
diagnosis of SVM (on clinical and conventional MR imaging
grounds) underwent TRICKS followed by spinal conventional
angiography.

Five patients were excluded from the study because both
TRICKS and DSA had negative findings. The final clinical diag-
nosis in these patients was transverse myelitis, spinal cord tumor,
spinal cord cavernoma, and idiopathic superficial siderosis. In 1
case, no definitive diagnosis was made (though an inflammatory
cause was strongly suspected). DSA was unsuccessful in 4 patients
due to technical difficulties, mainly related to aortoiliac ectasia
and tortuosity, which precluded an adequate examination. These
cases were explored surgically, guided by the TRICKS imaging
and, in 1 case, additional CTA imaging.

Conventional MR imaging was performed without contrast in
57% of the remaining 50 patients. The diagnosis of SVM was
suspected on initial MR imaging in 88% of patients.

MR Imaging Technique

All'scans were performed on a Signa 1.5T scanner (GE Healthcare,
Milwaukee, Wisconsin) by using a standard 8-channel spine coil.
A counting whole-spine sagittal T1WI was performed followed by
asagittal T2ZWT on which a coronal 4- to 5-cm slab was positioned
covering the vertebral body and spinal canal. The image volume
was centered on the lower thoracic level to cover T6 to L2. This
was modified in some circumstances when spinal cord swelling
and signal change were located outside this standard FOV or focal
hemorrhage was present (eg, in the context of intramedullary ar-
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teriovenous malformation [SCAVM] or perimedullary spinal
cord arteriovenous fistula [PMAVF]). In cases in which the point
of fistulation was outside the FOV, diagnostic confirmation was
nevertheless obtained on the basis of identification of filling of
median spinal cord veins in the arterial phase.

The TRICKS sequence parameters were FOV = 34 (length/
craniocaudal), 3.2-mm section thickness, 1.6-mm section gap,
256 X 128 matrix, NEX = 1, TR = 3.14 ms, TE = 0.8 ms. Twenty-
seven phases were obtained with 14 scan locations in each phase.
The total scan time was 59 seconds with a temporal resolution of
1.8 seconds.

Following the acquisition of a mask, 20 mL of gadolinium-
based contrast agent was administered intravenously at 3 mL per
second by a pump injector followed by a 50-mL saline bolus
“chaser.” Triggering was performed manually after the mask ac-
quisition with minimal or no delay.

Catheter Angiography
Selective intra-arterial spinal DSA was performed via a femoral
approach in a dedicated biplanar neuroangiographic suite within
7 days of the MR imaging examination. Procedures were per-
formed with the patient under local anesthetic. Iodinated non-
ionic contrast medium (3-5 mL of 300 mg/mL) was injected se-
lectively into the intercostal or lumbar radicular artery, expected
to be supplying the lesion on the basis of TR-MRA findings, and
into the contralateral radicular artery at the same level. Further
bilateral injections were performed to include 2 levels above and
below the identified fistula. If a fistula was not identified at the
anticipated level, complete spinal angiography was undertaken,
usually with the patient under general anesthesia.

Imaging was performed in the anteroposterior plane at 3
frames per second. Oblique, lateral, and magnified views were
obtained as necessary to fully delineate the anatomy of the fistula.

Image Processing and Review

Fully automated postprocessed images were available for review
as in-line subtracted coronal 3.2-mm datasets for each of the 27
MRA phases acquired and also as coronal maximum intensity
projections. 3D volume reconstructions for the phases with max-
imal lesional conspicuity were also generated.

MR imaging and TRICKS scans were all reported by a neuro-
radiologist before DSA was performed. TRICKS findings were
deemed positive if there was early filling of abnormal tortuous
midline vessels (representing enlarged intradural longitudinal
veins). The level of the feeding vessel was identified by the site of
the earliest appearance of the abnormal midline vessel and by the
lateral connection of the earliest appearing vessels to the radicu-
lomedullary or segmental branches.

For this retrospective review, TRICKS findings were corre-
lated with the subsequent angiographic results to assess the accu-
racy of the technique in identifying, characterizing, and localizing
SVMs.

Classification of SVM

Several classification schemes have been described on the basis of
the anatomic characteristics of these lesions or emphasizing their
hemodynamic proprieties.'* One of the most widely used classi-



fications® groups these lesions into 4 different categories (summa-
rized in Table 1): spinal dural arteriovenous fistulas (type I), in-
tramedullary arteriovenous malformations (type II), extensive
juvenile or metameric malformations (type III), and perimedul-
lary spinal cord arteriovenous fistulas (type IV). SDAVFs are the
most commonly identified type, comprising approximately 80%
of SVMs. They are usually located on a nerve root sleeve within
the neural foramen and are supplied by a dural branch of the
segmental radicular artery.

RESULTS

Of 50 patients (age range, 5—83 years; median, 61 years; 24 fe-
males, 26 males), 46 had both TRICKS-MRA and DSA available
for comparison and 4 were managed on the basis of TRICKS
findings with additional CTA findings in 1 patient. The suspected
diagnosis of SVM, based on the finding of early-filling, median
longitudinal venous structures on TRICKS, was confirmed with
DSA in 41 cases. In 3 cases, TRICKS failed to show an SVM that
was subsequently identified by DSA. In 3 other cases, the initial
TRICKS was reported as suggestive of an SVM but subsequent
comprehensive spinal angiography failed to demonstrate an arte-
riovenous shunt. The final diagnosis for these patients was subse-
quently reported as long-standing arachnoiditis with syrinx and
primary spinal cord neoplasm in 2 patients. The third patient had
repeat TRICKS 4 months after the initial study showing no arte-
riovenous shunting. Including all 54 studies, sensitivity, specific-
ity, positive predictive value, and negative predictive value for the

Table 1: Classification of spinal vascular malformations and the
number of patients included in our study®

Type Description No.
| SDAVF: 33
la) Single fistula
Ib) Polyfistulous
I SCAVM 3
i Juvenile/metameric malformations 0
v PMAVF®: 10

A) Single fistula
B) Often multiple, intermediate flow
C) Polyfistulous, large lesions

detection of a spinal vascular malformation on TRICKS in com-
parison with the criterion standard DSA were 98%, 63%, 93%,
and 83%, respectively. The low negative predictive value is prob-
ably due to a low data sample of studies with negative findings.

The 47 lesions confirmed on TRICKS were classified as
SDAVEF (n = 33, with 1 patient having a type Ib fistula), PMAVF
(n = 10), and SCAVM (n = 3) (Table 1). One patient had an
extradural SVM. Patient imaging findings are recorded in the On-
line Table and Table 2.

In the SDAVF group (33/47, 70.2%), the segmental level of fistu-
lation identified on TRICKS was concordant with conventional an-
giography findings in 21 of 33 patients (63.6%) (Fig 1). In 6 patients,
it was within 1 predicted level, and in 3 patients, within 2 predicted
levels. The correct side was predicted in 22 of 33 patients (66.6%).
One patient with an SDAVF had cervical spinal cord signal change on
MR imaging and was found to have a posterior fossa fistula with
reflux into cervical spinal cord veins. In this case, cervical spine in-
tramedullary signal change was evident. The TRICKS was centered
on this level and duly confirmed filling of median spinal veins in the
arterial phase. The arterial supply to the fistula was not evident on this
acquisition and was delineated on DSA.

In the PMAVF group (10/47, 21.27%), TRICKS and the DSA
level were concordant in 1 patient, within 1 predicted level in 2
patients, and within 2 predicted levels in 3 patients (Fig 2). The
correct side was identified in 2 patients. Additional feeding vessels
were also demonstrated on DSA in 2 of 3 patients with PMAVFs;
these lesions were also initially erroneously characterized as
SDAVFs following TRICKS.

In the SCAVM group (3/47, 6.38%), the nidus was accurately
located on TRICKS and the extent of draining veins was demon-
strated in 1 patient (Fig 3). However, feeding vessels were not iden-
tified and characterized reliably: Conventional angiography con-
firmed the presence of multiple feeders in these lesions, 2 of which
had not been resolved on TRICKS. In the case of the sacral fistula,
TRICKS centered on T6 to L2 showed arterial phase filling of the
spinal cord venous plexus. A feeder was suspected at L2 on TRICKS
but was not seen on conventional angiography. Selective catheteriza-
tion of the median sacral artery demonstrated the fistula.

Table 2: TRICKS, DSA findings, and treatment of patients with intramedullary arteriovenous malformations, perimedullary spinal cord

arteriovenous fistulas, and extradural SVMs

Side and Level of Feeding Vessel

Age (yr)  Sex TRICKS Angiogram Treatment Classification

24 M Conus midline LTI0 Surgery Il

46 M LC5/6 RC5/6 Awaiting radiosurgery Il

58 F SVM but no level or side Left vertebral artery just Surgery I
identified beyond the PICA origin

78 M TN/T12, no side identified Lu Surgery v

73 M RL3/L4 R LI Surgery \%

33 M RTN RTN Surgery v

71 F L L2, postembolization Distal coccyx, branches of the Multiple embolizations and surgery %
to coccyx median sacral artery

45 M RT6 LT7 Radiosurgery v

17 M T9, no side identified LT7 Awaiting radiosurgery v

82 F Bilateral T12 Unsuccessful Surgery v

79 F LN Unsuccessful Surgery v

74 F RL3/L4 Unsuccessful Surgery \%

32 F No SVM identified RC2 Conservative v

65 M RL3/L4 RL3/L4 Embolization Extradural

Note:—L indicates left; R right; PICA, posterior inferior cerebellar artery.
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FIG1. Preoperative (A) and postoperative (B) TRICKS sequences of a patient with an SDAVF (type ).

FIG 2. Preoperative (A) and postoperative (B) TRICKS sequences of a patient with a PMAVF (type IV).

FIG3. Preoperative (A) and postoperative (B) TRICKS sequences of a patient with SCAVM of the

conus (type I).

Patients were treated surgically in most cases. Three patients
underwent endovascular treatment, but 2 attempts at emboliza-
tion withOnyx (Covidien, Irvine, California) of 1 sacral dural ar-
teriovenous fistula were unsuccessful in closing all supplying ar-
teries and surgical treatment was necessary to achieve complete
obliteration of the fistula. In 3 cases of SCAVM, the lesion anat-
omy (in particular the relationship to a major anterior spinal ar-
tery radiculomedullary supply) precluded safe endovascular or
surgical treatment. One patient has been treated by using
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radiosurgery, and 2 patients are awaiting
the same treatment. One patient re-
fused treatment and is being managed
conservatively.

DISCUSSION
TRICKS is increasingly used for nonin-
vasive vascular imaging. Fast, time-re-
solved imaging of the spine increases
temporal resolution, permitting hemo-
dynamic assessment of SVMs over a rel-
atively large FOV (with relatively little
compromise in spatial resolution or sig-
nal-to-noise ratio). The TRICKS se-
quence acquires central k-space data in
all sections, but the remaining periph-
eral data are split and shared among sec-
tions. Combining this k-space data ac-
quisition with a very low TR, on the
order of approximately 3 ms, allows
rapid data acquisition and provides
dynamic, multiphase real-time angio-
graphic information. The increased
temporal resolution achieved is of par-
ticular value in the evaluation of arterio-
venous shunts, and preliminary results
have also been described in studies of
intracranial AVMs and dural fistu-
las.'®!"!* Other advantages include a
shorter acquisition time and lack of re-
quirement for contrast bolus timing."?
Standard TOF MRA techniques lack
sufficient temporal resolution to iden-
tify SVMs, and phase-contrast methods
are not suited to the detection of these
often relatively low-flow shunts. Con-
trast-enhanced MRA techniques with
3D TOF acquisition have been described
by a number of authors, who report a
reasonable degree of success in identify-
ing the level of the SDAVF (on the order
of 50%—-75%).'°"'® Elliptic-centric con-
trast-enhanced MRA 3D techniques
have also proved useful in demonstrat-
ing the presence and level of
SDAVFs,'”?° but again they do not
demonstrate the actual fistula or re-
solve arterial and venous phases to al-
low differentiation of the fistula and draining radiculomedul-
lary vein from the engorged coronal venous plexus. The level
of fistula was inferred in these studies by tracing an engorged
medullary vein retrogradely to the neural foramen. Without
the ability to distinguish this vein from veins draining away from
the coronal venous plexus, there is the potential for false localiza-
tion. CTA is similarly limited by the inability to temporally resolve
arteries and veins.>"** Images with high spatial resolution can be
obtained, but interpretation is hampered by the adjacent bony



anatomy. In the recently published article by Saindane et al,'” a
higher number of studies with negative findings were reported,
explaining the higher negative predictive value compared with
our study.

Our results demonstrate that the TRICKS technique is reliable
in confirming the presence of a suspected SVM, though there was
a high pretest probability based on the clinical and MR imaging
findings. As experience with the technique grows and sequences
are refined, it may become possible to rely on TRICKS as a screen-
ing tool, but it cannot currently be depended on as a “rule-out”
test in cases of a suspected SVM.

While the temporal resolution of the 2 techniques is not sub-
stantially different, the difference in spatial resolution remains
considerable and largely accounts for the difficulty in distinguish-
ing SDAVF from PMAVF and in adequately characterizing
SCAVM with TRICKS. For SDAVF, TRICKS identified the loca-
tion of the arterial feeder to within 1 vertebral level in 27 of 33
patients, and in most cases, a targeted spinal DSA (performed
with the patient under local anesthetic) could be performed fol-
lowing TRICKS, minimizing radiation exposure and contrast
dose. Cases of sacral SDAVF (n = 1) and rather small bilateral
thoracic SDAVF (n = 1) necessitated more comprehensive DSA
examination. The 3 cases of PMAVF were erroneously considered
to represent SDAVF before spinal DSA, which also identified ad-
ditional supplying arteries. The anatomy of the arterial supply to
SCAVM was also poorly characterized on TRICKS, and we were
unable to resolve the angioarchitecture of this type of SVM. On
this basis, spinal DSA remains mandatory to accurately character-
ize SVMs. Conventional angiography also demonstrates the level
of origin of the artery of Adamkiewicz or other radiculomedullary
branches; this demonstration is essential when considering treat-
ment of these lesions.

Interpretation of the technique requires some experience on
the part of the reporting neuroradiologist, but common pitfalls
can generally be avoided by the appropriate use of the cross-ref-
erencing tools and scrutinizing individual arterial phase datasets
in addition to MIP images. Although 3 studies were initially re-
ported as having positive findings, on retrospective review, no
false-positive studies were identified. One case, reported early in
the series, was due to misinterpretation of an extraspinal longitu-
dinal venous structure as a median longitudinal spinal vein. The 2
other cases were rather equivocal, with no clear level of supply or
fistulation to the potentially abnormal median veins identifiable
on TRICKS. There was only 1 case in which TRICKS failed to
identify a SVM. The patient had a high cervical PMAVF.

Our results are consistent with findings reported by a number
of other investigators. Ali et al*> described the use of a TR-MRA
(TRICKS) sequence to predict the level of SDAVF to within 1
vertebral level in 6 patients. The authors also suggested that the
technique was accurate for excluding the presence of SDAVFs and
in confirming successful fistula occlusion following treatment.
Tapping et al'* described the use of the TRICKS sequence after a
technically difficult spinal catheter angiogram (due to aortic tor-
tuosity and atherosclerosis), which did not locate the anticipated
SDAVE. It was subsequently located on 3T TR-MRA. In a second
case, it was impossible to obtain a stable catheter position at the
level of the known fistula; therefore, 3T TRICKS was used to fur-

ther characterize the lesion before surgery. We have also encoun-
tered a small number of patients (n = 4) in whom adequate DSA
could not be completed due to technical difficulties and who un-
derwent surgery solely on the basis of information from the
TRICKS.

Limitations of the study include the small number of patients
having a rare condition and its retrospective design. Although
images were analyzed by only a single neuroradiologist, assess-
ment preceded the DSA in all cases; thus, the neuroradiologist was
blinded to the nature and level of the lesion. Further evaluation of
the technique might incorporate an assessment of interobserver
agreement.

CONCLUSIONS
The infrequency of these cases precludes large studies. Conse-
quently, conclusions have to be drawn from pooled case series
similar to the present study. It has been our experience that
TRICKS is a useful confirmatory tool when an SVM is suspected
on the basis of clinical and conventional MR imaging findings.
The frequent ability to identify the level of arteriovenous shunting
on TRICKS allowed the subsequent spinal catheter angiography
to be directed to the level of interest and involved less contrast
load and radiation exposure; these features abbreviated an other-
wise lengthy and potentially difficult procedure.

DSA remains necessary to characterize SVMs and, particularly
in the case of PMAVF and SCAVM, to identify important radicu-
lomedullary feeders before consideration of treatment.
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Intra-arterial treatment plus usual care results
in better outcomes than usual care alone*!

= [ncrease in functional independence in daily life, with no
increase in mortality at 90 days

= Stent retrievers were used in 97% of patients
(190/196) treated with intra-arterial therapy

Effect of Intervention on Primary Outcome at 90 days’

1.7x more likely to have
a favorable outcome

Control Arm Intervention Arm
n=267 n=233

* Intra-arterial treatment included mechanical thrombectomy (stent retrievers, Merci Retriever®, wire disruption, thromboaspiration) and A Iytic.
Usual care defined as intravenous administration of alteplase.
t In patients with acute ischemic stroke caused by proximal intracranial occlusion of the anterior circulation, treated within 6 hours after stroke onset.

1. 0.A. Berkhemer et. al. A Randomized Trial for Intraarterial Treatment for Acute Ischemic Stroke. N Eng J Med 2014.
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The newly designed Trevo® XP ProVue Retriever takes
proven Trevo Retriever performance to new levels for
easy delivery, easy placement, and easy visualization.

When you're in control, it's amazing what you can capture.
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ASNR 53rd Annual Meeting &
The Foundation of the Symposium 2015
in Chicago, April 25-30, 2015

CHICAGO x* 2015

ASFNR ASHNR ASPNR ASSR SNIS

N
THE FOUNDATION OF THE ASNR 7

Stay connected with friends and colleagues.
Get value-based neuroradiology that

addresses best practices. Visit the ASNR
2015 Meeting website to see the program!

Laurie A. Loevner, MD
ASNR 2015 Program Chair and President-Elect

Request Programming and Registration
Materials for the ASNR 53 Annual Meeting,
Contact:
ASNR 53 Annual Meeting
¢/o American Society of Neuroradiology
800 Enterprise Drive, Suite 205

Ofs:0
Email: meetings@asnr.org u
Website: www.asnr.org/2015 -

Oak Brook, Illinois 60523-4216
Phone: 630-574-0220
Scan now to E
visit our website

Fax: 630-574-0661

An exceptional Symposium and Meeting
at the newly renovated Sheraton Chicago
Hotel & Towers.

The weekend Symposium: The Skull Base, will bridge the

gap between the head and the spine. It will cover:

« Pertinent anatomy

+ Optimization of imaging techniques

- Development and function of all the cranial nerves using
a symptom-based approach

« Cutting edge intraoperative footage of transnasal
endoscopic techniques which have redefined “surgical
resectability’, and have revolutionized the role of the
neuroradiologist

« The posterior fossa, central hypertension and hypotension,
and the craniovertebral junction

Sunday afternoon, the symposium continues with
“Neuroradiologist-Clinician-Patient” Seminars. Breakout
sessions include:

+ Brain Tumors

« Head & Neck Cancer

«+ Thyroid Cancer

+ Mild Traumatic Brain Injury

« MCI-Alzheimers Disease

Following these symposiums join us for an engaging game
of Neuroradiology Jeopardy featuring Doctor-Patient
teams, followed by a “mocktail reception” and Broadway
entertainment!

ASNR Annual Meeting will provide informative updates on
Neuroradiology and showcase specialty programming.

Monday morning “Keynote Symposium: Getting

Personal ....." features Beth Daley Ullem, nationally-recognized
Governance Expert; Grant Achatz, American chef, restaurateur,
and head & neck cancer survivor; and Julian E. Bailes, Jr., MD,
Neurosurgeon, consultant to NFL Players’ Association, and

advisor to NCAA Concussion Task Force.

Attend 5 Mini-Symposia throughout the week:

+ Connectome and Genomics: Omics and Big Data
for Neuroradiology

« Emergency Room Triage: Traumarama and Other Urgencies

+ Neuroimaging Gently: Creating a Safe and Quality
Environment for Neurodiagnostics & Neurointerventions

+ Neuro-Nuclear Immersion

+ Functional Neuroimaging Biomarkers of Psychiatric Disorders

SAVE THE DATES....April 25-30, 2015
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