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The Social Network of Loneliness

M. Castillo, Editor-in-Chief

nlike other countries, we Americans like our heroes to be

lonely, and some that come to mind immediately are cow-
boys, explorers, and scientists patiently working in their labora-
tories while remaining decontextualized from their surroundings,
and perhaps the loneliest of them all: astronauts. Thus, it should
come as no surprise that in some of the better recent movies,
Gravity (Sandra Bullock) and All Is Lost (Robert Redford), the
main characters find themselves completely alone, and at the end,
they are portrayed as heroes. As our social exchange structure
changes, Americans are more lonely than ever before, despite our
increasing population and our ability to communicate with each
other more often and faster.

Although one can argue about the differences and similarities
of the following terms: aloneness, isolation, retreat, and seclusion,
what I would like to briefly address here is “loneliness,” which I
take to mean a lack of companionship that may occur even when
surrounded by or “connected” to others. Nowadays, our connec-
tions are basically electronic and, to many my age or younger,
accomplished through Facebook and other “social media.”

As of this writing, our main modern social communication
tool, Facebook, had 1.31 billion subscribers and 680 million mo-
bile users." Here are some more Facebook statistics that amaze
me: 640 billion minutes per month are spent on it, nearly 50% of
those 18—34 years of age use it, and it has more than 1 trillion page
views per month and 2.7 billion “likes” every day. At the time of
this writing, the American Journal of Neuroradiology (AJNR) had
5461 “likes” and Radiology had 28,521 “likes” on their Facebook
pages. Thus, it seems that we radiologists are indeed, true Face-
book aficionados. For those who like a more concise communi-
cation, it will be a relief to learn that Twitter is not doing badly at
all. It has nearly 646 million users and hosts nearly 10,000 tweets
per second,” and just to be fair to Google, I need to mention that
its social network (Google+) now has more than 300 million
monthly users who upload 1.5 billion pictures every week.”

As our electronic social media grow, we seem to get lonelier.
The number of US households tripled between 1940 and 2010, but
while in 1940, 90% of them contained families, in 2010 only 66%
did.* About 27% of households have only 1 person, a number 3
times higher than 50 years ago, and 33% of households now have
childless couples.

Is loneliness biologic? Cole et al® from the University of Cali-
fornia, Los Angeles (UCLA) published, in 2007, an interesting
article on this topic. He and his coauthors suggested that changes
in genes that are related to inflammation also drive chronic high
levels of feelings of isolation and loneliness. This study revealed
that the levels of gene expressions may be different depending not
only on how many people you know but also related to the num-
ber of those you feel close to. Intuitively, a relationship between

http://dx.doi.org/10.3174/ajnr.A3964
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feeling lonely and one’s immune system makes sense to me. The
greater the number of close friends one has, the more your im-
mune system must be ready to combat the germs they carry. Con-
versely, a lesser number of friends may result in a lazier immune
system, making your health more fragile; it is well-known that the
lonely have precarious health. The way the brain perceives and
reacts is also different in the lonely. When examined with fMRI,
lonely individuals showed less activation of the ventral striatum,
which correlated with a feeling of being less rewarded by social
stimuli.® Nonlonely people showed higher activation of this re-
gion, implying that social interactions resulted in a pleasurable
event. Lonely individuals also appeared to be more drawn to the
distress of others. These studies and others seem to indicate thata
lack of perceived pleasure from social interactions is at the core of
loneliness.

To avoid loneliness, one must have personal relationships—
that is, having a lot of friends on Facebook will not relieve one’s
feelings of isolation. Conversely, it could be that lonely individu-
als spend all of their time on Facebook trying to build up a large
network of “friends.” Moira Burke from the Carnegie Mellon
University studied Facebook users and concluded that only those
for whom Facebook served as a conduit to establishing direct
communications with other individuals leading to friendship
seemed to avoid feelings of loneliness.” That is, having a large
number of friends write on your Facebook wall or communicat-
ing with them by terse Twitter-like exchanges will not decrease
loneliness. Another study concluded that if one has alot of friends
in real life, one will also have a lot of them on Facebook and be a
successful user of it.® Simply consuming and broadcasting trivial
life events on social media makes one more, not less lonely. The
popularity of Facebook may reflect the increasing desire to find
oneselfamong friends (31% in 2010 versus 37% today). Groups of
individuals who make and keep friends easier are the Millennial
generation (47%), Hispanics (47%), and never-married adults
(44%).°

To measure loneliness, one of the most popular methods is
the UCLA scale. This 20-question scale is easy to use and appar-
ently reproducible. You may find it at http://www.tactileint.com/
portfolio/uclalone.html, and when I took the test, I scored a 19,
which is the average score for school teachers (I guess I must share
with them some frustrations and feelings of isolation perhaps
even leading to loneliness). Using this scale, the American Asso-
ciation for Retired Persons (AARP) has found that 35% of adults
consider themselves lonely, especially those in poor health, the
socially isolated, those with a new residence (less than 1 year), and
females; but it also concluded that as we get older overall we feel
less and not more lonely.'® With respect to electronic communi-
cations, AARP found that those using e-mail felt that they had
fewer deep friendships than before. Not surprisingly, AARP also
reported that isolation and loneliness increase a person’s risk of
death. Loneliness increases circulating cortisol levels that may
contribute to brain and cerebrovascular disease and affect sleep
patterns that may lead to depression. The common threads be-
tween heart and brain vascular disease could be related to the fact

AJNR Am J Neuroradiol 35:22207-08 Dec 2014  www.ajnr.org 2207



that the lonely have an increased incidence of hypertension and
smoke more (on average, 15 cigarettes per day).

Is loneliness genetic in nature? Some studies suggest a strong
genetic effect, but because loneliness is highly influenced by envi-
ronmental situations, its expressions vary from childhood to
adulthood and from individual to individual. In 1 highly regarded
study, loneliness was assessed in 8387 twins."! The conclusions of
the study were that heritability of differences in feelings of loneli-
ness was 48%, no unique environmental influences were discern-
ible, genetic contributions to loneliness were similar in children
and adults, and the heritability of loneliness showed no sex differ-
ences. The authors suggested that individuals are unable to con-
trol their loneliness as a response to external stimuli.

Why does loneliness hurt? One hears others saying that “they
are so lonely it hurts.” Because social exclusion is a type of lone-
liness, one fMRI study assessed the brains of individuals who were
excluded from a specific activity.'> The results paralleled those
from studies of physical pain. That s, the anterior cingulate cortex
was less active during exclusion and correlated with self-reported
distress. The right ventral prefrontal cortex was active during ex-
clusion, suggesting that it regulates feelings of loneliness by ex-
cluding the function of the anterior cingulate cortex. From a de-
velopmental standpoint, the same authors believe that the
loneliness system “borrowed” its computations from the pain sys-
tem to prevent its harmful effects.

Perhaps some of the loneliest moments may be experienced
within a marriage. Married people are healthier, live longer, and
are less lonely but only if their spouses are confidants. This is,
again, loneliness is related to the quality of the relationship and
not to the relationship per se. One’s immediate circle of confi-
dants also extends to one’s best friends. Nevertheless, how often
you do hear American adults say they have a best friend to confide
in? The answer is not often. In 1985, the number of confidants a
person had was close to 3;in 2004, it had decreased to 2; and today
25% of Americans claim to have no one to confide in."> This
seems to be paradoxical when the average American has 634 elec-
tronic social ties, but the truth is that most if not all of these ties are
superficial and eventually meaningless. When Facebook data are
analyzed, it has been found that the largest single group (22%) of
“friends” a user has consists of people he or she knew in high
school followed by extended family and coworkers. I personally
feel that the connection between myself and those I went to high
school with is now basically nonexistent, but then, I do not have a
Facebook page (I do have a Facebook account that I use to check
AJNR’s page) and do not respond to any Facebook invitations.
What is even worse is that up to 7% of Facebook “friends” are
strangers whom the user has not and will never meet.

Since our ever-expanding dependency on electronic commu-
nications seems to be making us lonelier, it seems ironic that
several sites, such as the Web of Loneliness, offer on-line help via
chat rooms and blogs and other types of virtual support groups,
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many through Facebook and Twitter. Another such site is the
UK’s Campaign to End Loneliness, which, again, contains a pleth-
ora of posts (most are useless) and some pictures of their follow-
ers, mostly octogenarians whom I doubt know how to use Twitter
or Facebook. These sites state that 5 million older British individ-
uals have, as their sole companion, their television. Of course,
many of these sites have a scamlike scent and accept donations via
Pay Pal, but some like the UK one are supported by philanthropic
foundations.

As in many other situations in our lives, loneliness is multifac-
torial. Our pursuit of space and individualism (an idea ingrained
in American culture) and the desire to be alone drove city popu-
lations into the suburbs and beyond. So do as country music leg-
end Willie Nelson says: “Mamas, don’t let your babies grow up to
be cowboys, they’ll never stay home and they’re always alone,
make’em be doctors and lawyers and such....” Moreover, I
should add: keep them away from Facebook and Twitter.
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REVIEW ARTICLE

Delayed Cerebral Ischemia in Aneurysmal Subarachnoid
Hemorrhage: Proposal of an Evidence-Based Combined Clinical
and Imaging Reference Standard
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ABSTRACT

SUMMARY: Aneurysmal subarachnoid hemorrhage is associated with high morbidity and mortality, with delayed neurologic deficits from
delayed cerebral ischemia contributing to a large portion of the adverse outcomes in this patient population. There is currently no
consensus reference standard for establishing the diagnosis of delayed cerebral ischemia either in the research or clinical settings,
ultimately limiting strategies for preventing delayed infarction and permanent neurologic deficits. There are currently both clinical and
imaging-based criteria for the diagnosis of delayed neurologic deficits and vasospasm, respectively, however, neither clinical nor angio-
graphic assessment alone has been shown to identify patients who develop adverse outcomes from delayed infarction. Thus, the purpose
of this work is to propose a 3-tiered combined imaging and clinical reference standard based on evidence from the literature to
standardize the diagnosis of delayed cerebral ischemia, both to allow consistency across research studies and to ultimately improve

outcomes in the clinical setting.

ABBREVIATIONS: aSAH = aneurysmal subarachnoid hemorrhage; DCI = delayed cerebral ischemia; MRP = MR perfusion

neurysmal subarachnoid hemorrhage (aSAH) is associated
with high morbidity and mortality."* The first 2 weeks fol-
lowing aSAH are critical in the management of these patients
because they are prone to develop several life-threatening
complications, including delayed neurologic deficits,” which
often arise from delayed cerebral ischemia (DCI), a major con-
tributor to the adverse outcomes in this population.”™ Delayed
cerebral ischemia manifests in approximately 30% of patients
with aSAH and typically occurs between days 4 and 9 after the
initial hemorrhage, though it can range from 3 to 14 days.
There remains a lack of standard criteria for defining DCI in

3,6,7

the clinical setting,”®” with a recent literature review describing at
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least 8 terms to define the concept of DCI in aSAH.® Debate over
the role of clinical and imaging assessments in defining DCI has
occurred for both clinical and research purposes.”®*'° For ex-
ample, although the terms “DCI” and “vasospasm” have been
used interchangeably, attempts have been made to distinguish
DCI from vasospasm, with the former often determined clini-
cally, and the latter, radiographically,® because not all patients
with clinical neurologic deficits have angiographic vasospasm and
not all patients with angiographic vasospasm have neurologic def-
icits that correspond to the arterial territory of vasospasm.'"'?
Additionally, while severe vasospasm may cause decreased cere-
bral perfusion, a substantial percentage of patients develop infarc-
tion without evidence of vasospasm, suggesting that DCI should
be defined as a pathologic process, of which vasospasm may rep-
resent a contributing factor.'>'?

Thus, the aim of this article is to propose an evidence-based
reference standard for DCI that incorporates both clinical as-
sessments of neurologic deterioration and imaging assess-
ments of vasospasm, perfusion deficits, and infarction to pro-
vide a consistent, uniform standard across a wide range of
clinical and research applications. The classification of levels of
evidence supporting this reference standard is based on the
Levels of Evidence criteria proposed by the Oxford Centre of
Evidence Based Medicine (www.cebm.net).'* Two indepen-
dent reviewers assessed levels of evidence for each tier, and in
the case of discordance, evidence level assignments were made
by consensus.
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FIG 1. Proposed multitiered reference standard in DCI. Three-tiered DCl reference standard algorithm, ordered from top to bottom. Asterisk
indicates neuromonitoring devices such as cerebral microdialysis and oximetry. Double asterisks indicate whether the reference standard is used
for clinical assessment and treatment decisions based on the risk/benefit ratio for treatment. If there is low risk, treatment for DCl is
recommended. If there is high risk, the patient should re-enter the algorithm.

DESCRIPTION OF THE COMBINED CLINICAL AND
IMAGING REFERENCE STANDARD
(Algorithm displayed in Fig 1)

Primary Level: Outcome-Based Criteria

Summary. The primary level classifies patients as having DCI if a
new infarction on imaging or new permanent neurologic deficit
develops. A new infarction on imaging is determined on CT or
MR imaging within 6 weeks after aSAH ictus that was not present
on imaging up to 48 hours after aneurysm occlusion and was not
attributable to other causes such as surgical clipping, endovascu-
lar treatment, ventricular catheter placement, intraparenchymal
hematoma, or cerebral herniation. A new permanent neurologic
deficit is determined on clinical examination as a new neurologic
deficit distinct from the baseline examination performed imme-
diately after aneurysm rupture or aneurysm occlusion and not
attributable to other causes. Baseline neurologic examination
must be considered after full cardiorespiratory, hemodynamic,
and metabolic resuscitation as well as treatment of other factors
such as seizures and hydrocephalus. Patients who do not meet
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either criterion are referred to the secondary level, as described in
a subsequent section.

Evidence: Level 1A evidence exists to support these proposed
outcomes-based criteria for determining DCL

An ideal reference standard should reliably identify patients
with a high risk of poor outcomes who may benefit from inter-
vention. In large prospective cohort studies, the greatest predic-
tors of severe disability or death at 3 months were a new focal
neurologic deficit, a new infarction on follow-up imaging, or
both.>!>1¢ Additionally, a large systematic review and meta-anal-
ysis of all randomized placebo-controlled trials evaluating the ef-
ficacy of protective strategies in aSAH concluded that a reduced
incidence of cerebral infarction is significantly associated with
improved functional outcome.'” In fact, new cerebral infarction
alone was as strongly correlated with poor 3-month functional
outcome as the combination of a new neurologic deficit and cor-
responding ischemic changes on follow-up neuroimaging.® Fur-
thermore, cerebral infarction on noncontrast CT was the primary
outcome measure in the early trials of nimodipine, an agent with
strong evidence for neuroprotection of DCIL.'®



While angiographic vasospasm has traditionally been the
primary focus of interventions and prediction of outcomes, the
lack of evidence demonstrating improved outcomes with va-
sospasm prevention'>'? has led to incorporating this criterion
combined with clinical correlation in the secondary level
below.

Secondary Level: Correlation of Clinical and Vascular
Imaging Criteria

Summary. The secondary level classifies patients as having DCI if
both clinical deterioration and angiographic vasospasm occur.
Clinical deterioration is determined by bedside examination and
comprises the development of a new neurologic deficit (such as
hemiparesis, hemiplegia, aphasia, depressed consciousness, and
so forth), a decrease of at least 2 points on the Glasgow Coma
Scale, or a decrease of at least 1 point in the motor score, lasting
>1 hour at any point after aneurysm occlusion and not attribut-
able to other causes. Vascular imaging for the evaluation of vaso-
spasm includes imaging modalities, such as transcranial Doppler
sonography, CTA, MRA, and DSA. Patients with neurologic de-
terioration and 1 imaging test supporting a diagnosis of vaso-
spasm are classified as having DCI. On the other hand, patients
without neurologic deterioration and 1 imaging test without find-
ings of vasospasm are classified as not having DCI. However, pa-
tients with either positive clinical or imaging findings that do not
correlate with each other are referred to the tertiary level, as de-
scribed in a subsequent section.

Evidence: Level 1B evidence exists to support using clinical
and vascular imaging data for determining DCI.

Evaluation of patients for DCI at the secondary level is most
valuable in the clinical setting at the point of care when treatment
decisions are made. The primary goal of treatment is to prevent
cerebral infarction and permanent neurologic deficits. Thus, tra-
ditionally, imaging assessment of vasospasm has been used as a
surrogate marker to assist in the diagnosis of DCI, especially given
that neurologic deterioration is poorly evaluated in sedated or
obtunded patients. Angiographic vasospasm, seen on DSA or
CTA, is perhaps the most commonly used surrogate imaging
marker in this patient population. Vasospasm has been shown to
be strongly associated with DCI, cerebral infarction, poor out-
come, and increased mortality within several retrospective and
prospective cohort studies, including a post hoc analysis of data
from the CONSCIOUS (Clazosentan to Overcome Neurological
Ischemia and Infarct Occurring after Subarachnoid Hemor-
rhage)-1 trial.'"*°2*> However, an analysis of data from 2 system-
atic reviews and a post hoc analysis did not demonstrate an im-
provement in outcome with a reduction in angiographic
vasospasm.'® Evidence from both prospective and retrospective
cohort studies suggests that patients with angiographic vasospasm
and correlated symptoms have worse hospital complications and
subsequent disability compared with angiographic vasospasm
alone.”'® However, there is less evidence to demonstrate the
prognostic importance of angiographic vasospasm correlated
with symptoms, thus placing this criterion at the secondary level.
Although relatively inferior in terms of sensitivity and specificity,
transcranial Doppler sonography evaluations of the intracranial
vessels can also be performed at bedside to identify arterial nar-

rowing in patients who may be too unstable for more advanced
angiographic techniques such as CTA, MRA, or DSA.242°

Tertiary Level: Correlation of Physiologic Data with
Clinical or Imaging Criteria

Summary. The tertiary level classifies patients as having DCI if
physiologic data correlates with either clinical deterioration or
vasospasm. Patients with either clinical deterioration or vaso-
spasm alone may undergo additional physiologic assessment of
cerebral hemodynamics, either in the form of imaging such as
CTP and MR perfusion (MRP) or neuromonitoring devices such
as cerebral blood flow, oxygen tension monitoring, and cerebral
microdialysis. Patients with findings suggestive of regional cere-
bral hypoperfusion or hypoxia that correlate with either clinical
deterioration or vasospasm are classified as having DCI. Patients
with clinical deterioration or vasospasm but normal physiologic
data do not have sufficient evidence to be classified as having DCIL.

Evidence: Levels of evidence to support using physiologic data
for determining DCI range from 2A to 3B, depending on the
technique.

While there is at least moderate evidence supporting the im-
portance of symptomatic vasospasm in DCI at the secondary
level, the importance of isolated image-based diagnoses of vaso-
spasm in the absence of clinical findings is somewhat controver-
sial, especially in the absence of infarction. However, a subset of
patients with asymptomatic vasospasm will develop asymptom-
atic ischemia and subsequent infarction. A large prospective co-
hort identified asymptomatic infarction in approximately 20% of
patients with aSAH, and furthermore, these patients had a higher
frequency of death and moderate-to-severe disability at 3 months
relative to patients with symptomatic infarction.*® Thus, there
may be a subset of patients with apparently asymptomatic vaso-
spasm who are at high risk of eventually developing clinical evi-
dence of DCI, especially those who are comatose or have a ven-
triculostomy catheter, small-volume aSAH, or ischemia in

2627__all representing complicating factors

noneloquent brain
that are not infrequently encountered in the intensive care setting.
Identifying this high-risk subset of patients with asymptomatic
vasospasm may prompt measures to implement therapies to pre-
vent the eventual development of DCI.

Conversely, the identification of patients with DCI and clinical
deterioration in the absence of vasospasm poses a different im-
portant diagnostic challenge. While neurologic deterioration is
likely multifactorial in these patients, a subset will go on to de-
velop infarction without vasospasm. A retrospective study of in-
farction patterns in patients with aSAH found that approximately
17% of patients developed infarcts without imaging evidence of
vasospasm, and even in patients with imaging positive for vaso-
spasm, infarcts also developed in areas away from the vasospastic
territories.?® Thus, this level in the algorithm would attempt
to identify ischemia in patients with asymptomatic vasospasm
or neurologic deterioration without evidence of large-vessel
vasospasm.

Perfusion imaging such as CTP and MRP or less common
modalities such as xenon-CT provide physiologic imaging assess-
ments of cerebral hypoperfusion and ischemia that could identify
patients at risk for infarction. In a retrospective cohort of 96 pa-
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tients with aSAH, new CTP deficits seen as prolonged MTT and
reduced CBF were significantly associated with subsequent in-
farction and permanent neurologic deficits. A smaller prospec-
tive study evaluating the test characteristics of CTP, CTA, and
noncontrast CT obtained at baseline and after the onset of clinical
deterioration determined that CTP had the best test performance
for the subsequent diagnosis of DCI at discharge.”® Subsequently,
systematic reviews evaluating CTP in aSAH within the broader
context of diagnosing vasospasm and DCI found that relative CBF
and MTT values correlated highly with subsequent DCIL.>>!
Thus, there is level 2A evidence to support the role of CTP in the
diagnosis of DCI.

Evidence to support the use of other imaging modalities to
evaluate DCI is more limited. There are limited data evaluating
the role of MRP in DCI; however, several small prospective cohort
studies demonstrated that CTP, particularly CBF, correlates with
MRP-derived values in the same patients within a close time in-
terval, suggesting that MR imaging could also be used in this set-
ting in case CTP is not performed.’>*> The data for the use of
xenon-CT in DCI are even more limited; however, a small pro-
spective cohort study in patients with poor-grade aSAH found
that CBF reduction on xenon-CT was only moderately predictive
of infarction in these patients and that not all reductions in CBF
by this technique resulted in infarction.®* Thus, there is at best
level 2B and 3B evidence for MRP and xenon-CT, respectively, for
the diagnosis of ischemia in patients with aSAH. However, these
imaging modalities are challenging to perform in this patient pop-
ulation due to scanner accessibility and patient contraindications.

Not all patients with aSAH undergo imaging to assess isch-
emia, particularly those who are unstable or have poor-grade con-
ditions. Thus, noninvasive and invasive bedside monitoring de-
vices such as cerebral microdialysis, brain tissue oxygenation
monitoring (eg, the Licox system, Integra LifeSciences, Plains-
boro, New Jersey), and other similar devices have been used to
stratify patients at risk of ischemia. A systemic review evaluating
the use of microdialysis in the assessment of cerebral ischemia in
patients with aSAH found that while the use of the technology is
increasing, there is substantial study heterogeneity, thereby limit-
ing the evidence to support its utility.”> Nonetheless, a small pro-
spective cohort of 44 patients found that a 2-fold increase in isch-
emia-related metabolites from baseline at the time of acute
neurologic deterioration was significantly associated with subse-
quent infarction and permanent neurologic deficits.”® Data for
cerebral tissue oxygen monitoring are more limited, particularly
in patients with aSAH. Several small prospective cohort studies
demonstrated the potential utility of detecting hypoxia in aSAH
by using tissue oxygenation monitoring.’”>® Thus, there is level
3A evidence in support of cerebral microdialysis and level 3B ev-
idence to support cerebral oxygen monitoring in patients with
aSAH.

Strengths and Limitations of Each Level

Primary Level. The main strength of the primary level is its strong
evidence using outcome-based criteria supported by systematic
reviews and large observational cohort studies.'>'”!° Thus, the
primary level captures patients with the highest mortality and
morbidity associated with DCI. Most important, this level em-
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phasizes specificity over sensitivity to accurately identify patients
with DCI for treatment decisions. Additionally, patients with DCI
who do not develop infarction or neurologic deficits cannot be
misclassified at this level because these patients advance to the
secondary level for further evaluation. Another strength at this
level is the reproducibility in assessing patients with these well-
defined outcome measures that are less prone to interobserver
variability.

The main limitation at the primary level is the reduced appli-
cability in guiding treatment decisions. In clinical practice, the
goal of managing patients with aSAH is to avoid these devastating
outcomes of infarction and functional disability. At this level, pa-
tients are classified as having DCI according to these criteria, thus
limiting improvement in patient outcomes with treatment.

Secondary Level. The main strength of the secondary level is the
combination of new neurologic deficits with imaging findings
suggestive of angiographic vasospasm that have been shown to
correlate with functionally relevant outcomes.” Because these cri-
teria can, in some cases, be evaluated before development of in-
farction and functional disability (ie, at a stage in which impend-
ing DCI is still preventable), classification of patients with DCI at
this level should theoretically provide maximal benefit from treat-
ment. The combination of both new neurologic deficits and evi-
dence of angiographic vasospasm improves the specificity for
identifying patients with DCI, given that neurologic assessment in
patients with aSAH can be challenging and angiographic vaso-
spasm does not necessarily correlate with DCI.

A limitation of the secondary level is that patients without new
neurologic deficits and without angiographic vasospasm can be
misclassified as having no DCI. Comatose or heavily sedated pa-
tients have limited clinical assessment and may have suboptimal
imaging, resulting in false-negatives for DCI. Although the agree-
ment of clinical and imaging findings improves the specificity for
identifying patients with DCI for treatment, the sensitivity may
not be optimized at this level for a subset of patients. The proba-
bility of correlation is dependent on the quality of each respective
evaluation, and both the clinical and imaging assessments at this

level are subject to interobserver variability.'®***!

Tertiary Level. The main strength of the tertiary level is improv-
ing the sensitivity of the DCI diagnosis by further evaluating dis-
cordant clinical and imaging findings from the secondary level,
such as in patients with asymptomatic vasospasm or neurologic
decline without angiographic vasospasm. Most important, this
level allows further evaluation of comatose patients with subop-
timal clinical assessments who have angiographic vasospasm as
well as symptomatic patients who have suboptimal imaging.
These patients often have worse outcomes in comparison with
patients with symptomatic DCI, possibly related to delayed treat-
ment.?® At this level, all patients undergo physiologic assessment
of cerebral perfusion and hypoxia to correlate with either clinical
or imaging findings suggesting DCI. Thus, this level will include
patients who may have been excluded from the diagnosis due to
lack of sufficient evidence at the other 2 levels.

A potential limitation of the tertiary level is that the breadth of
modalities used to assess ischemia—ranging from noninvasive
imaging to invasive tissue monitoring— has variable strength of



evidence to support their use. From an imaging standpoint, CTP
has the strongest evidence to support its use in diagnosing DCI;
clinically, cerebral microdialysis has some evidence to support its
use despite inconclusive results from a systematic review of the
literature. There is limited evidence to support the use of the re-
maining modalities in diagnosing DCI in patients with aSAH.

Future Directions

While there is no perfect reference standard for this complex dis-
ease process, this multitiered algorithm attempts to capture the
complexity of clinical and imaging findings in DCI according to
evidence-based criteria. Specificity is emphasized in this multi-
tiered reference standard with respect to evidence-based clinically
relevant outcomes at the primary level, which are particularly
valuable in the research setting to potentially improve translation
of research findings into clinical practice. Most important, this
reference standard approach also incorporates levels of evidence
with greater sensitivity for use in clinical settings. The model is
heavily weighted toward criteria with supportive statistical evi-
dence and, through a multitiered algorithm, aims to limit the
heterogeneity and controversy in defining DCI for research and,
potentially, clinical application, combining both imaging and
clinical assessments in the determination of DCI. The future di-
rection for validation of this proposed reference standard through
prospective studies may help to move forward both clinical care
and research in this field.
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REVIEW ARTICLE

Gadolinium Contrast Agents for CNS Imaging: Current

Concepts and Clinical Evidence

E. Kanal, K. Maravilla, and H.A. Rowley
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SUMMARY: The aim of this article was to review the properties of the various gadolinium-based contrast agents used for CNS imaging

along with the clinical evidence and published data that highlight the impact these different properties can have on diagnostic perfor-

mance. In addition, approaches to optimizing image acquisition that take into account the different properties of specific gadolinium-

based contrast agents and an extensive review of the safety profiles of the various agents are presented.

ABBREVIATIONS: CE = contrast-enhanced; CNR = contrast-to-noise ratio; GBCA = gadolinium-based contrast agent; Gd = gadolinium; NSF = nephrogenic
systemic fibrosis; rCBV = relative cerebral blood volume; rCBF = relative cerebral blood flow

f the 9 gadolinium-based contrast agents (GBCAs) ap-

proved by the United States FDA for contrast-enhanced
(CE) MR imaging, 7 (gadoterate meglumine, Dotarem, Guerbet,
Aulnay-sous-Bois, France; gadobutrol, Gadavist, Bayer Health-
Care Pharmaceuticals, Wayne, New Jersey; gadopentetate dime-
glumine, Magnevist, Bayer HealthCare; gadobenate dimeglu-
mine, MultiHance, Bracco Diagnostics, Princeton, New Jersey;
gadodiamide, Omniscan, GE Healthcare, Milwaukee, Wisconsin;
gadoversetamide, OptiMARK, Covidien, Dublin, Ireland; gad-
oteridol, ProHance, Bracco Diagnostics) are approved specifically
for CE-MR imaging of the CNS."”” The 2 agents not approved for
CE-MR imaging of the CNS (gadofosveset trisodium, Ablavar,
Lantheus Medical Imaging, North Billerica, Massachusetts; and
gadoxetic acid, Bayer HealthCare Pharmaceuticals [Eovist or Pri-
movist]) have distinct properties that render them unsuitable for
this indication; Ablavar® is an intravascular “blood-pool” agent
approved for MR angiography of the aortoiliac vessels, whose
strong binding to serum albumin (and resulting large effective
molecular size) restricts permeability across the open blood-brain
barrier, which limits suitability for CNS applications, while Eo-
vist” is an approved liver-specific agent inappropriate for CNS
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applications because 50% of the injected dose is taken up and
eliminated by hepatocytes.

Although numerous studies published in high-ranking peer-
reviewed journals have confirmed the safety and efficacy of the 7
GBCAs approved for CNS imaging, differences among these
agents and the impact these differences may have on diagnostic
sensitivity and clinical decision-making remain underappreciated
and sometimes misunderstood.

The aim of this article was to review the properties of the var-
ious GBCAs used for CNS imaging together with the clinical evi-
dence and published data that highlight the impact these different
properties can have on diagnostic performance. In addition, ap-
proaches to optimizing image acquisition that take into account
the different properties of specific GBCAs and an extensive review
of the safety profiles of the various agents will be presented.

For the purposes of the present review, brand names rather
than chemical names have been used throughout to refer to the
various GBCAs. Although chemical names would ordinarily be
used in a review article such as this, it was thought that because the
actual practitioners of MR imaging are typically more familiar
with brand names than with chemical names, the use of brand
names would help avoid the possibility of obfuscation and thereby
enhance clarity in this field. Moreover, because generic formula-
tions of these agents are not available in the United States, these
brand names are clinically relevant designations. We have there-
fore elected to specifically use the same brand names for the var-
ious agents with which the reader will be most familiar.

GBCAS: WHAT THEY ARE AND WHAT THEY DO

As a heavy metal in the lanthanide series, elemental free gadolin-
ium (Gd) is toxic to humans. GBCAs are formed by chelation of
gadolinium to organic ligands to decrease its toxicity and render it

AJNR Am J Neuroradiol 35:2215-26  Dec 2014 www.ajnr.org 2215



FIG1. Comparison of T1shortening of GBCAs as a function of Gd concentration, calculated from the ri-relaxivities in blood reported by Rohrer

et al in 2005."

safe for human use. Structurally, there are 2 distinct categories of
GBCAs: 1) macrocyclic molecules in which the Gd** ion is caged
within the cavity of the ligand, and 2) open-chain or “linear”
molecules (On-line Table 1). Within each category, there are both
ionic and nonionic GBCAs. Despite their different molecular
structures and physicochemical properties, all GBCAs used for
CE-MR imaging of the CNS have an identical mechanism of ac-
tion involving shortening of the T1, T2, and T2* relaxation time
constants of adjacent water protons in tissues'® and similar bio-
distribution profiles because all are extracellular agents that do
not cross the intact blood-brain barrier. The fundamental ability
of GBCAs to selectively shorten T1 relaxation within a lesion com-
pared with normal tissue is the basis for the most commonly ap-
plied usage of contrast agents in clinical practice today.

The extent to which the time constants are shortened, and
hence the effectiveness of a specific GBCA in clinical practice,
depends on the local concentration of the GBCA (Fig 1) and on
the relaxivity values r; (with i = 1, 2, 2*) of the agent. Relaxivities
are defined as the slope of the linear regression generated from a
plot of the measured relaxation rate (1/T;) versus the concentra-
tion of the GBCA:

%= %(0) + r; X [GBCA]

where T; denotes the longitudinal (T1) or transverse (T2, T2*)
relaxation times of a solution containing GBCA and T, the
relaxation time of the solvent without GBCA.'" Agents with
higher 1, r2, and r2* values will shorten the T1, T2, and T2*
relaxation times of tissues to a greater extent, resulting in
greater signal-intensity enhancement on T1-weighted images
or greater signal-intensity loss on T2- and T2*-weighted im-
ages, respectively.

Molecules normally tumble or rotate in space at a rate that is
dependent on many factors, not the least of which is their molec-
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ular mass. This tumbling rate can also be represented as the in-
verse of the so-called molecular correlation time. The closer the
tumbling rate of the gadolinium-containing chelate molecule to
the resonant frequency of water molecules, the greater is the re-
laxivity or relaxation enhancement. The molecules of each of the 7
FDA-approved CNS gadolinium chelates are all relatively small
and therefore have exceedingly high tumbling rates that exceed
the resonant frequencies of water molecules at the clinically used
MR imaging field strengths. However, as the molecular tumbling
rates between the paramagnetic contrast agent and the target wa-
ter-based molecules become closer, energy exchange between the
2 molecules is facilitated and longitudinal magnetization is en-
hanced (ie, the target tissue T1 shortens).

One of the approved CNS agents, MultiHance, interacts
weakly and transiently with serum albumin in vivo. This interac-
tion slows the molecular tumbling rate of the complex, rendering
it closer to the resonant frequency of water molecules at the field
strength at which they are being imaged. This increases the (en-
hanced) tissue rotational correlation time (ie, slows its tumbling
rate) and therefore brings it closer to matching that of water. The
result is greater relaxivities/rI values and stronger relaxation en-
hancement effects.>'*"' Thus, the 71 of MultiHance measured in
human plasma at 37°C has been reported to be as high as 7.9 L X

mmol ™! X s7!

at 1.5T,'* whereas the reported rl values of
GBCAs that do not significantly interact with serum albumin
range from approximately 3.6 L X mmol ™' X s~ at 1.5T for
Dotarem to 5.2 L X mmol™' X s ' at 1.5T for Gadavist.'""*
However, reported relaxivity values may vary somewhat between
investigating groups due to measurements being made under dif-
ferent conditions. For example, the rI and r2 values reported by
Rohrer et al'' were obtained by using nonsterile bovine blood

plasma, while those reported by Pintaske et al'* were obtained by
using human blood plasma.

Six of the 7 GBCAs approved for neuroradiologic imaging are



formulated as 0.5 mol/L concentrations, while 1 agent, Gadavist,
is formulated at 1.0 mol/L. The physicochemical properties of this
latter GBCA resemble those of the other conventional GBCAs, and its
molecular structure differs from that of ProHance in that a hydroxy-
propyl group on the ProHance molecule is replaced by a trihydroxy-
butyl group on the Gadavist molecule.'® Thus, the slightly higher
relaxivity of Gadavist can be ascribed mainly to the slightly larger size
and hence slightly slower molecular tumbling rate of the Gadavist
molecule itself. Notably, the magnitude of the slowing of the molec-
ular tumbling rate is smaller than that observed for GBCAs approved
for neuroradiologic applications that interact with serum albumin as
well as non-neuroradiologic agents such as Ablavar for which pow-
erful protein binding is observed.

The degree of tissue T1 (and T2 and T2*) shortening by any
GBCA is determined by the local concentration of the agent
within the tissue being imaged in combination with the relative
relaxivity of the agent. Varied concentrations of administered
GBCAs can be theorized to result in varied rates of uptake of the
agent into the extracellular fluid of the tissues being imaged, with
faster tissue uptake expected with a GBCA formulated at a greater
concentration. Theoretically, albeit not demonstrated clinically,
in routine T1-weighted steady-state imaging, the higher concen-
tration of Gadavist might impact the “ideal” postcontrast imaging
time for this agent versus others with lower molarity. Recalling,
however, that intravenous administration requires that all admin-
istered boluses pass through the heart and lungs before being
distributed to the rest of the body, it would seem that any concen-
tration difference per time among the various neuroradiologic
GBCAs, other than possibly first-pass effects, would be quite small
and likely not clinically discernable in steady-state. In addition,
one should recognize that even if the contrast agent may theoret-
ically accumulate faster in the target lesion, enhancing back-
ground tissues would also be expected to similarly accumulate
that same amount more rapidly. Notwithstanding these theoretic
considerations, in daily clinical practice, it appears that the ulti-
mate steady-state concentrations in the tissues being imaged are
sufficiently similar for all GBCAs regardless of the administered
concentration and that the final concentration in tissues in
steady-state is most likely determined predominantly by the total
administered dose, based on the similarity of observed contrast
enhancement when corrected for differences in relative relaxivity
of the different agents as discussed later in this review. Thus, for
routine, equidose, postcontrast T1-weighted steady-state imag-
ing, enhanced signal intensities are dominated predominantly by
the relative relaxivity values of the agents being compared. There-
fore, the higher the r1 value, the greater will be the contrast be-
tween the lesion and nonenhancing background tissues.

Dynamic phase imaging (as is used in perfusion-weighted im-
aging and in contrast-enhanced MR angiographic studies) differs
from the above in that the target tissue of interest is the blood—
the same “tissue” into which the agent is directly injected. Thus,
per the equation above, higher GBCA concentration and/or
higher relaxivity could each produce increases in signal intensity
of the intravascular blood for T1-weighted imaging, or greater
signal loss for T2- or T2*-weighted imaging. For dynamic bolus
CE-MRA examinations, a principal objective is to time the bolus
arrival within the vessels of interest to coincide with acquisition of

the lowest order phase-encoding steps in k-space to obtain max-
imum vessel enhancement. Because all 7 GBCAs approved for
neuroradiologic imaging are approved at identical administered
total doses of 0.1 mmol/kg body weight, this means that the higher
the concentration of the administered agent, the smaller the vol-
ume injected. Thus, a standard administered dose to a 70-kg pa-
tient would be 14 mL of any of the 6 GBCAs formulated at 0.5
mol/L, while it would be 7 mL for Gadavist formulated at 1.0
mol/L. However, the result of a smaller injected volume is that the
timing window of opportunity during which to catch the higher
concentration Gadavist in the vessels of interest is shortened by as
much as one-half, making bolus timing more difficult and poten-
tially more error-prone. This can possibly be offset by halving the
injection rate when administering higher concentration agents or
by diluting them with normal saline before administration. How-
ever, these approaches would negate any theoretic advantage of
using a higher concentration agent.

The relatively recent FDA approval of GBCAs formulated at dif-
ferent concentrations but approved at identical administered doses
provides opportunities for comparison among such agents. How-
ever, such attempts at comparison should use identical FDA-ap-
proved doses; comparisons should not be performed by using arbi-
trarily defined equivalent volumes because this would result in
“double-dosing” of the higher concentration agent. Such studies
evaluating agents of different concentrations would be useful because
the ideal time to image is dependent on many factors, which include
blood vessel size, flow rate and transit time in the case of CE-MRA,
perfusion dynamics (vascularity and permeability) of the anatomy/
pathology to be imaged in the case of perfusion MR, the concentra-
tion and relaxivities of the administered agent, and the design of the
MR imaging pulse sequence to be used to acquire the postcontrast
images. Furthermore, “ideal” timing will also be highly dependent on
whether first-pass, dynamic contrast information is sought as op-
posed to steady-state images. “Ideal” timing tends to be spread over
far longer windows of opportunity for steady-state acquisitions,
while the window for first-pass, dynamic contrast information is
quite short and is far more significantly impacted by such factors as
the manner in which k-space is filled and the temporal resolution of
the acquired images. Imaging parameters and timing that might be
ideal for one agent might prove to be quite different for another
GBCA with different concentration or relaxivity.

CLINICAL EVIDENCE FOR THE ROLE OF RELAXIVITY
ON DIAGNOSTIC PERFORMANCE
Methodologic Considerations

Early studies to compare contrast agents for diagnostic efficacy
were designed exclusively as interindividual parallel group studies in
which each patient (with varying disease entities) was randomly as-
signed to receive just 1 of the 2 contrast agents.'®>> Unfortunately,
studies of this type are subject to wide interpatient and interlesion
variability, resulting in disparate variations within each arm of the
study. Such studies do not permit reliable demonstrations of relevant
differences between study groups and agents. Indeed, such parallel
group studies can only demonstrate equivalence between study
groups for equivalent doses of different GBCAs and not superiority
or inferiority, even among GBCAs with widely varying relaxivity

values.>**
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Direct comparison among different agents is accomplished
more objectively with an intraindividual crossover study in which
each patient receives both GBCAs in random order in 2 identical
MR imaging examinations separated by just a few days. Such
studies are better designed to isolate the GBCA as the only variable
being assessed. Thus, variations due to patient-, disease-, or ex-
amination-related factors are eliminated or, at least, minimized.
In such studies, any differences in findings can be attributed solely
to the GBCA because all other variables are identical for the 2
examinations.

Summarized below are the findings of several such intraindi-
vidual crossover studies performed in human subjects for CNS
evaluation of various GBCAs. In organizing this discussion, we
realized that there is no standardized definition for use of the
term, “high relaxivity.” It is the opinion of these authors that
“high relaxivity” should be defined not numerically alone, but
rather by an objectively proved ability of an agent to deliver in-
creased clinical utility as measured by clinically relevant increases
in signal enhancement (rather than merely small but statistically
significant signal increases) or, preferably, an objectively mea-
sured increase in lesion number or lesion extent compared with
other “standard” GBCAs.

Steady-State Imaging. To analyze the possible differential roles
of relaxivity and concentration in imaging performance, findings
are presented for studies that compared the following: 1) Dota-
rem, Magnevist, Omniscan, OptiMARK, and ProHance (which
all possess similar [standard] relaxivity values and are formulated
at standard [0.5 mol/L] concentrations), 2) Gadavist (the GBCA
with slightly higher relaxivity and the highest concentration [1
mol/L]), and 3) MultiHance (the GBCA with the highest relaxiv-
ity and formulated at standard concentration).

1) Intraindividual Crossover Studies Comparing GBCAs with Stan-
dard Relaxivity/Standard Concentration (Dotarem, Magnevist,
Omniscan, OptiMARK, ProHance). To the authors’ knowledge,

Greco et al*®

performed the only intraindividual crossover study
that compared GBCAs with standard relaxivity/standard concen-
tration. In that study, 2 blinded readers intraindividually com-
pared Magnevist (rI-relaxivity at 1.5T: 3.9—-4.1 L X mmol ' X
s~ )" with ProHance (r1-relaxivity at 1.5T: 4.1 L X mmol ! X
s~ measured in bovine plasma at 37°C)"" in 80 subjects for the
presence of disease, degree of enhancement, location and number
of lesions, and additional information gained (definition of lesion
borders, improved visualization, distinction of edema, disease
classification, determination of recurrent tumor, and so forth).
Neither reader noted any significant differences in terms of GBCA
preference (readers 1 and 2 preferred ProHance over Magnevist in
2 and 4 cases, respectively, and Magnevist over ProHance in 1 and
2 cases, respectively), and no differences were noted between
agents in terms of the additional information provided on post-
contrast images (On-line Table 2).

2) Intraindividual Crossover Studies Comparing a GBCA with Slightly
Higher Relaxivity and High Concentration versus Standard Relaxiv-
ity/Standard Concentration Agents (Gadavist versus Either Dota-
rem, Magnevist, Omniscan, OptiMARK, or ProHance). To date, 5
published reports have described intraindividual crossover com-
parisons of Gadavist with standard relaxivity GBCAs.>”" Three
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of these looked specifically at the potential benefit of Gadavist

2728 or ProHance?® for the detection and visu-

versus Magnevist
alization of cerebral metastases and concluded, in each case, that
Gadavist is advantageous for lesion detection primarily because of
improved lesion conspicuity (On-line Table 2). However, the

conclusions in a study by Anzalone et al*’

were based solely on
subjective assessment of images from 27 patients by 2 neuroradi-
ologists in consensus, but unfortunately, no quantitative assess-
ment of lesion enhancement was reported. Kim et al*® reported
improved quantitative enhancement (lesion/brain contrast-to-
noise ratio [CNR]) with Gadavist, but this study was retrospective
and only compared double (0.2 mmol/kg body weight) doses of
Gadavist and Magnevist. Furthermore, GBCA administration was
not random (all patients received Magnevist for the first exami-
nation and Gadavist for the second). In the third study in patients
with brain metastases, Katakami et al*® evaluated a larger number
of patients by using a prospective design and concluded that a
single 0.1-mmol/kg dose of Gadavist is noninferior to a double
0.2-mmol/kg dose of ProHance for lesion detection. However,
despite administering a single 0.1-mmol/kg dose of ProHance as
part of the study design, no assessment of single-dose ProHance
images was performed. Thus, it is not possible to say whether a
single dose of ProHance would have proved noninferior to a sin-
gle dose of Gadavist by using their study design, sample size, and
assessment methodology.

In a more recent single-center study in 51 patients with either
primary or secondary brain tumors, 2 blinded readers each pre-
ferred Gadavist to ProHance in more patients in terms of subjec-
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tive “preference in contrast enhancement,” “overall preference,”
and “preference in diagnostic quality.”*® However, differences in
quantitative enhancement were inconsistent and sequence-de-
pendent, with a higher SNR for Gadavist noted only on a second
T1-FLASH sequence at approximately 10 minutes postinjection,
with no differences between agents seen on T1-spin echo or
MPRAGE sequences. Indeed, Bayer HealthCare (manufacturer of
gadobutrol, Gadavist) reported to the FDA that the performances
of 0.1-mmol/kg doses of Gadavist and ProHance for brain tumor
imaging are similar.>?' In a prospective multicenter phase I11
study performed in 419 patients for the FDA approval of Gadavist
for CNS imaging, 3 blinded readers each reported similar contrast
enhancement, lesion border delineation, and lesion internal mor-
phology and a similar overall accuracy of diagnosis when these 2
agents were administered at an equivalent dose of 0.1 mmol/kg
body weight. The conclusion of the study was that Gadavist is
noninferior to ProHance.>”'

Another recent report presented findings from a study that
prospectively compared single-dose Gadavist (rI-relaxivity: 4.7—
5.2 L X mmol ™' X s 'in plasma at 37°C'"'*) with single-dose
Dotarem (rI-relaxivity: 3.6 L X mmol ' X s ') in 136 patients
with cerebral neoplastic enhancing lesions.” In this study, signif-
icant preference for Gadavist compared with Dotarem was noted
by 2 of 3 blinded readers for overall reader preference. However,
none of the 3 readers considered Gadavist superior to Dotarem
for lesion delineation, while only 1 blinded reader noted a mini-
mally significant preference for Gadavist for the definition of le-
sion internal structure. Quantitatively, the percentage lesion en-
hancement following Gadavist was approximately 9% higher than



that following Dotarem, as expected from the differences in their
respective relaxivities, but this yielded no significant difference
between the 2 agents for measured CNR. Most important, no
differences in the number of lesions detected with either agent
were observed.

3a) Intraindividual Crossover Studies Comparing the GBCA with the
Highest Relaxivity/Standard Concentration versus GBCAs with
Standard Relaxivity/Standard Concentration (MultiHance versus
Dotarem, Magnevist, Omniscan, OptiMARK, or ProHance). Nu-
merous multicenter studies have compared MultiHance with
standard GBCAs by using an intraindividual crossover study de-
sign with blinded image evaluation by fully independent experi-
enced neuroradiologists.”*™*" All of these studies were designed to
demonstrate superiority rather than noninferiority, and the find-
ings of all concluded that MultiHance is significantly superior in
terms of both qualitative enhancement (global diagnostic prefer-
ence, lesion border delineation, definition of disease extent,
visualization of lesion internal morphology, lesion contrast en-
hancement) and quantitative enhancement (CNR, lesion-to-
background ratio) (On-line Table 2). In each of these studies, the
authors concluded that the superiority of MultiHance was due to
its higher r1 value.

3b) Intraindividual Crossover Study to Compare the Highest Re-
laxivity GBCA versus the GBCA Formulated at the Highest Con-
centration (MultiHance versus Gadavist). A recent study by Seidl
etal*! directly addressed the relative merits of high relaxivity ver-
sus high gadolinium concentration. In their randomized, double-
blind, intraindividual crossover study, 123 patients each under-
went 1 examination with 0.1-mmol/kg MultiHance and 1
examination with 0.1-mmol/kg Gadavist. Three blinded readers
consistently demonstrated a highly significant (P < .0001) pref-
erence for MultiHance for all qualitative end points with good
interreader agreement for all evaluations (On-line Table 2). In
addition, significant superiority was noted for all quantitative as-
sessments with a mean difference of approximately 22% in per-
centage lesion enhancement between MultiHance and Gadavist.

This study demonstrated that gadolinium concentration has
little-to-no practical clinical impact on steady-state morphologic
imaging and that at identical approved (0.1 mmol/kg) doses, the
relaxivity of the GBCA is the dominant characteristic determining
the degree of enhancement.

Perfusion Imaging. Cerebral perfusion assessment by dynamic
susceptibility contrast MR imaging is frequently used for evalua-
tion of brain tumors, stroke, and degenerative diseases such as
dementia. The technique is based on rapid intravenous injection
of a GBCA and subsequent bolus tracking by using a fast suscep-
tibility-weighted imaging sequence that uses the T2* relaxing
properties of the GBCA. Following tracer kinetic modeling, para-
metric maps of mean transit time, regional cerebral blood volume
(rCBV), and regional cerebral blood flow (rCBF) can be calcu-
lated by unfolding tissue concentration curves and the concentra-
tion curve of the feeding artery.

Compared with conventional morphologic (static) imaging,
(dynamic) perfusion imaging is more dependent on the shape of
the injected contrast bolus and thus on the rate at which GBCAs
are injected. Additionally, higher administered GBCA concentra-

tion and higher relaxivity might each be beneficial in augmenting
the signal loss associated with the first-pass contrast bolus
through the tissues of interest.

Although interindividual parallel group studies have com-

pared Gadavist with Magnevist at 1.5T,*>**

comparatively few
intraindividual crossover studies have been performed to com-
pare GBCAs for perfusion imaging. Those that have been per-
formed have compared Gadavist with either Magnevist at 3T** or

MultiHance at 1.5T*° or 3T.*%*”

1) Inter- and Intraindividual Crossover Studies Comparing GBCAs
with Standard Relaxivity/High Concentration versus Standard Relax-
ivity/Standard Concentration (Gadavist versus Magnevist). An in-
terindividual parallel group comparison of Gadavist with Magn-
evist was first performed by Griffiths et al,**> who compared 10-
and 20-mL injections of Gadavist with 20-mL injections of Magn-
evist (all at 5 mL/s, resulting in overall injection times of 2 and 4
seconds, respectively) in 6 groups of 6 patients (36 patients over-
all) at 1.5T to determine whether the higher Gd concentration of
Gadavist was beneficial when using thinner sections (4 mm as
opposed to 7 mm) for single-shot, gradient-recalled echo-planar
imaging. They compared time-intensity curves calculated at re-
gions of interest in the hemispheric white matter and thalamus in
terms of maximum signal reduction (ie, the difference between
mean baseline and minimum value on the time-intensity curve),
full width at half minimum, and signal-to-noise measurements.
No significant differences were found between 20 mL of Magnev-
istand 10 mL of Gadavist in terms of the maximum signal changes
observed in either anatomic area and at either section thickness.
On the other hand, the signal changes nearly doubled when
20-mL Gadavist was compared with 20-mL Magnevist (ie, when a
2-fold higher dose of Gadavist was used), indicating that the total
amount (ie, dose) of Gd was the dominant factor in determining
signal response rather than the administered concentration per se.

A second interindividual parallel group comparison of Gada-
vist and Magnevist at 1.5T was subsequently performed by the
same group when investigating whether 2 gadolinium perfusion
studies of the whole brain could be performed during the same
table occupancy without degradation of the derived data in the
second study.*’ In this study, 12 patients each received 2 injec-
tions at a fixed rate of 5 mL/s of either 20-mL Magnevist (6 pa-
tients) or 10-mL Gadavist (6 patients), with each administration
separated by 8 minutes. Although the study was not designed
specifically to compare the 2 agents directly, the authors never-
theless showed no significant differences in either the maximum
signal change or full width at half maximum with 10-mL Gadavist
compared with 20-mL Magnevist.

A small-scale intraindividual crossover comparison of these 2
GBCAs was recently performed at 3T by Giesel et al** in 11 pa-
tients (6 with intra-axial tumors, 5 with extra-axial tumors), who
each underwent examinations with 5-mL Gadavist and 10-mL
Magnevist by using a T2*-weighted, gradient recalled-echo, echo-
planar technique. As in the studies by Griffiths et al,*>** the in-
jection rate for both agents was 5 mL/s. However, unlike Griffiths
et al, the authors reported significantly higher maximal signal
changes for Gadavist in both gray and white matter and noted that
Gadavist depicted a larger number of “hot spots” (areas with
higher blood perfusion in the tumor) on color-coded maps than
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Magnevist in most of the 6 intra-axial tumors. The authors con-
cluded that the higher concentration of Gadavist offers advan-
tages over standard-concentration Magnevist for delineation of
gray and white matter and for the demarcation of highly vascu-
larized tumor tissue and that these advantages are due to an im-
proved bolus effect with increased intravascular concentration
during the first pass.

2) Intraindividual Crossover Studies Comparing High Relaxivity/
Standard Concentration versus Standard Relaxivity/High Con-
centration (MultiHance versus Gadavist). Early intraindividual
crossover studies to compare Gadavist and MultiHance were per-
formed independently by Essig et al*®> and Thilmann et al*® in
healthy volunteers at 1.5T and 3T, respectively. In the study by
Thilmann et al,*® 16 healthy volunteers each underwent 3
DSC-MR imaging examinations separated by at least 3 days, re-
ceiving a single (0.1-mmol/kg; 7-mL) dose of Gadavist, a double
(14-mL) dose of Gadavist, and a single (14-mL) dose of Multi-
Hance, each atan injection rate of 5mL/s (ie, resulting in injection
times of 1.4, 2.8, and 2.8 seconds, respectively). Quantitative de-
terminations based on signal intensity/time curves were made at
regions of interest on gray and white matter and specific arteries
selected for perfusion analysis. Additionally, gray-scale and color-
coded maps of regional cerebral blood volume and regional cere-
bral blood flow were calculated and compared.

Quantitative analysis revealed nearly identical signal intensity/
time curves for the 2 single-dose examinations. No differences
were noted in terms of maximal relative signal drop, full width at
half maximum, or signal-to-noise ratio of the concentration
curve at maximum concentration. Likewise, qualitative evalua-
tion of rCBV and rCBF maps by 2 experienced blinded radiolo-
gists revealed no differences between the 2 single-dose examina-
tions with no advantage noted for either of the 2 GBCAs. More
pronounced signal drops (52% versus 32%) and better quality
perfusion maps (rCBV and rCBF) were obtained with double-
dose Gadavist compared with either single-dose examination,
though both single-dose examinations were considered suitable
for diagnostic purposes.

More recently, Wirestam et al*” performed further evaluations
of data acquired by Thilmann et al*® and confirmed that double-
dose Gadavist results in higher absolute CBV, CBF, and mean
transit time than single-dose Gadavist and that no significant dif-
ferences are apparent between single-dose Gadavist and single-
dose MultiHance.

Similar findings and conclusions to those of Thilmann et al*®
were made by Essig et al*® in a study comprising 12 healthy male
volunteers who each underwent 4 highly standardized perfusion
MR imaging examinations with 0.1- and 0.2-mmol/kg doses of
Gadavist and MultiHance, each administered at 5 mL/s. As in the
study by Thilmann et al,"° a single dose of both agents was shown
to be sufficient to achieve high-quality, diagnostically valid perfu-
sion maps. Again, no differences were noted between single doses
of the 2 agents for any quantitative parameter (susceptibility effect
[percentage signal drops of approximately 30%], rCBV, and rCBF
values) apart from full width at half maximum, which was signif-
icantly greater for MultiHance. Likewise, 2 off-site blinded read-
ers found no significant differences between Gadavist and
MultiHance in terms of image quality, adequacy of white-to-gray
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matter differentiation, or subjective preference for 1 agent or the
other in terms of CBV and CBF image sets. Better overall image
quality was noted with double (0.2 mmol/kg) doses of the 2
agents, for which a slightly higher susceptibility effect was seen
with Gadavist. Nevertheless, the authors considered that double
doses of the 2 agents provided no clinical benefit over single-dose
examinations. The authors also concluded that single doses of
both agents were effective at inducing sufficient signal drop on
T2* EPI sequences to permit robust and reproducible quantifica-
tion of perfusion parameters. Moreover, they concluded that the
greater volume of injection of MultiHance had no disadvantage
and gave comparable perfusion values to those obtained with the
more highly concentrated Gadavist.

Contrast-Enhanced MR Angiography. Similar to perfusion imag-
ing, dynamic bolus contrast-enhanced MR angiography is a rapid
imaging technique in which images are acquired during the first
pass of a GBCA through the vessels of interest. However, unlike
DSC perfusion imaging, the level of enhancement is dependent on
the 71 of the agent rather than the 2* value. Accordingly, image
quality and diagnostic performance are dependent not only on
the image acquisition parameters but also on the contrast-injec-
tion protocol. Thus, while advances in sequence design can lead to
marked improvements in the spatial and temporal resolution of
vessel images, it remains fundamental that bolus timing and the
peak concentration of intraluminal contrast coincide with the ac-
quisition of the lower order phase-encoding steps of k-space im-
age acquisition. To achieve MR angiograms with adequate homo-
geneous arterial contrast and without image artifacts, contrast
bolus timing must achieve high concentration and a relatively
constant plateau during acquisition of the central part of k-space,
which contributes most of the image contrast. In addition, evi-
dence appears to support the need to maintain a high level of Gd
in the vessels during much of the higher order phase-encoding
acquisition to minimize vessel edge blurring that can reduce vessel
detail and visualization of smaller vessels.*®

For the purposes of the present article, the focus will mainly be
on studies comparing GBCAs for CE-MRA of the intracranial and
supra-aortic vessels. However, the underlying principles of GBCA
administration and image acquisition are common to all CE-
MRA examinations across all vascular territories.

Intraindividual Crossover Studies Comparing GBCAs for
CE-MRA of the Supra-Aortic Vessels

Of the few intraindividual crossover studies performed in the su-
pra-aortic vessels, most have compared MultiHance with Magn-
evist.**! In a very early study of 12 patients referred for CE-MRA
of the carotid arteries, Pediconi et al*® compared a single 0.1-
mmol/kg dose of MultiHance with a double (0.2-mmol/kg) dose
of Magnevist and found superior quantitative and qualitative en-
hancement with MultiHance for carotid time-resolved CE-MRA.
Both doses of GBCAs were administered at a fixed rate of 2 mL/s,
and the better imaging performance was ascribed to the higher r1
of MultiHance. In that study, a single 0.1-mmol/kg dose of
MultiHance would have been administered during 7.5 seconds
for a 75-kg patient. Conversely, the double 0.2-mmol/kg dose of
Magnevist would have been administered during 15 seconds, po-
tentially resulting in exclusion of a portion of the increased Magn-



evist dose from the central part of the k-space during the MRA
acquisition. On the other hand, the extended injection time for
double-dose Magnevist would have provided double the window
of opportunity to correctly “catch” the highest intraluminal
GBCA concentration and may have contributed to better vessel
wall sharpness, though this was not evaluated in the study. Em-
piric adjustments to optimize signal by using a specific pulse se-
quence, gadolinium agent, acquisition timing, and injection pa-
rameters are, therefore, critical in achieving best image quality.

A recent study by Li et al® in 46 patients compared single-dose

MultiHance and double-dose Magnevist. In this study, the 2-fold
greater volume of Magnevist required to achieve a double dose
was injected at a 2-fold faster rate to achieve comparable bolus
geometry for the 2 examinations in each patient. Three blinded
readers in the study found no differences between single-dose
MultiHance and double-dose Magnevist for any qualitative pa-
rameter (vessel anatomic delineation, detection/exclusion of pa-
thology, and global preference) or for quantitative measures of
contrast enhancement (SNR, CNR). Indirect support for the find-
ings of Li et al’® comes from a study by Biiltmann et al,”’ who
compared single 0.1-mmol/kg doses of MultiHance and Magnev-
ist across 19 arteries/arterial segments (comprising the internal
carotid arteries; anterior, middle, and posterior cerebral arteries;
vertebral arteries; and basilar artery) in 12 healthy volunteers
at 3T. Maximum-intensity-projection images acquired with
MultiHance were found to be markedly superior in terms of mean
technical quality and vessel delineation to those acquired with
Magnevist. Likewise the relative CNR was significantly greater
with MultiHance, with overall increases of 23.3%, 26.7%, and
28.5% noted for the internal carotid, middle cerebral, and basilar
arteries, respectively.
More recently, Kramer et al*> compared Gadavist with both
MultiHance and Dotarem in 20 healthy volunteers at 3T. Al-
though the total dose of each GBCA administered was 0.1
mmol/kg body weight, at variance with previous studies, the au-
thors acquired both static CE-MRA and dynamic (time-resolved)
CE-MRA images with 0.07 mmol/kg injected initially for the ac-
quisition of static images followed by a further 0.03 mmol/kg for
the acquisition of dynamic MRA. A fixed injection rate of 2 mL/s
was used for both injections with all 3 GBCAs, and determina-
tions were made of both quantitative and qualitative end points.
Qualitative assessment of static images by 3 blinded readers found
Gadavist to be not significantly different from MultiHance but
superior to Dotarem, while few differences were noted between
MultiHance and Dotarem. In terms of quantitative assessment of
static images, a higher SNR with Gadavist was noted in the prox-
imal ICA but not in the distal ICA, while the CNR with Gadavist
was not significantly different from that with MultiHance but
significantly superior to that with Dotarem. Similar findings were
obtained for dynamic MRA. Finally, no differences were noted
between the different GBCAs in terms of vessel sharpness.

The manner in which the contrast agents were administered
for this study is not one routinely used in clinical practice. Never-
theless, it supports the advantages potentially gained with in-
creased GBCA concentration if data acquisition can be appropri-
ately timed to the shortened first pass of contrast bolus.

SAFETY

With recognition of the association between Gd and nephrogenic
systemic fibrosis (NSF) in 2006, there has been a sharply increased
focus on GBCA safety. The 7 GBCAs currently approved by the
FDA for CNS imaging have nearly identical pharmacokinetic
(biodistribution and blood half-lives) profiles and mechanisms of
action, and 6 of the 7 have similar clearance pathways almost
exclusively through the kidneys. MultiHance differs in that a
small fraction of the injected dose (approximately 3%-5%) is
taken up by normally functioning hepatocytes and excreted into
the bile.

Nephrogenic Systemic Fibrosis

NSF is a rare, potentially life-threatening disease that has been
linked to the administration of some GBCAs in patients with se-
vere renal impairment. In the peer-reviewed literature, approxi-
mately 78% of all unconfounded, single-agent cases of NSF have
been associated with Omniscan, while a further 20% have been
associated with Magnevist, and <2%, with OptiMARK.? 3 Very
few single-agent cases (0.5%) have been associated with the mac-
rocyclic agent Gadavist, while no unconfounded cases have been
reported for Dotarem, MultiHance, or ProHance.>? Similarly,
no unconfounded cases have been reported for the 2 GBCAs
not approved for CNS imaging (Ablavar, Eovist). Of note,
GBCAs associated with the lowest number of putative cases of
NSF, if any, are characterized either by a macrocyclic structure
with high kinetic stability (Dotarem, Gadavist, ProHance) or a
unique ability to interact with or bind to plasma proteins (Ab-
lavar, Eovist, MultiHance). With the latter group, it has been
proposed that the aromatic moiety on these complexes, in ad-
dition to being responsible for the protein-binding character-
istics, may also increase the stability of the molecule by im-
proving their kinetic inertia. This is possibly due to the steric
effect of the bulky substituents that slightly hinders unwrap-
ping of the ligand around the gadolinium.>*

The introduction of specific recommendations such as patient
prescreening for renal disease, the contraindication of less stable
so-called high-risk GBCAs (Magnevist, Omniscan, and Opti-
MARK) in patients at risk of NSF, restricting the use of GBCAs to
the lowest dose needed to provide the required diagnostic infor-
mation, and a drastic reduction in the number of cases in which
the recommended single dose is exceeded, has resulted in a mark-
edly reduced incidence of NSF. Indeed, these measures have re-
sulted in the number of new NSF cases dropping close to zero.>”

Adverse Reactions
Although the tolerability of GBCAs is very good, adverse reactions
are observed after the administration of all agents as reported in
the prescribing information approved by regulatory authorities.
On the basis of published data, rates of adverse reactions follow-
ing GBCA administration range between 0.03% and 2.4%.°*%> Of
these reactions, >74% are transient and mild in intensity. Reac-
tions of moderate or severe intensity have been reported to range
from <1% to 19% of cases.’>>®'"%° Life-threatening and fatal
reactions are very rare, with 40 deaths per 51 million administered
GBCA doses reported between 2004 and 2009.°

Adverse drug reactions fall into 2 major categories. The first
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includes reactions that can occur in any patient, such as drug
overdose and drug interactions; the second includes reactions that
are restricted to susceptible patients, such as drug toxicity/aug-
mented effects (ie, drug idiosyncrasy or reduced tolerance) and
hypersensitivity reactions that are either allergic or pseudoallergic
in nature.®” These latter 2 reactions are clinically indistinguish-
able because their symptomatic presentations are very similar;
however, they differ vastly mechanistically. Although true allergic
reactions to GBCAs have been reported,*®®® the available evi-
dence suggests that most adverse reactions to GBCAs are pseudo-
allergic in nature and are not associated with immunologic
specificity.””

Acute reactions typically affect susceptible patients and occur
within the first hour after GBCA injection. Mild reactions, such as
nausea and vomiting, are usually self-limiting and do not require
treatment.’””® Patients who experience mild reactions should
be monitored for at least 30 minutes post-GBCA exposure to en-
sure that there is no progression of signs and symptoms.>” Mod-
erate reactions consist of more severe symptoms than mild reac-
tions, or they can appear as other clinically significant reactions
that require specific treatment. The vital signs of patients sus-
pected of experiencing a moderate reaction should be monitored
closely to make certain that progression to a severe event is
avoided. Severe reactions, though quite rare, are significant in that
they can present life-threatening situations; thus, immediate rec-
ognition and treatment are warranted. In many cases, life-
threatening events begin with mild signs and symptoms, and
then evolve rapidly. As a result, it is imperative that practitio-
ners monitor all patients receiving a GBCA during their MR
imaging procedure, with particular attention paid to asthmatic
and atopic patients and patients with allergic respiratory phe-
nomena because these patients are considered more “at risk” of
an adverse event. Recent legal action and findings confirm the
seriousness with which the Centers for Medicare and Medicaid
Services approaches the mandate that GBCA administration be
under direct physician supervision.”"

Regulatory authorities have not differentiated among com-
mercially available GBCAs in terms of acute adverse-reaction pro-
files. Most published reports consider GBCAs to have comparable
adverse event profiles for mild reactions such as nausea and for
severe anaphylactoid reactions.”” To remain objective and scien-
tifically sound, comparisons of adverse event rates across agents
should ensure that the mode of data collection (study design,
prospective versus retrospective) and population (sex, clinical
profile, body area) are taken into account. Variations in these
factors alone can result in up to 100-fold differences in apparent
event rates.®>"°>7>7> When differences in incidence rates among
GBCAs are encountered, such differences are sometimes attribut-
able to methodologic bias or to the so-called Weber or Lalli
effects.”®””

The Weber effect occurs when a new medication introduced to
the clinical market leads to heightened safety vigilance on the part
of practitioners and, as a consequence, more frequent reporting of
adverse reactions.’®”%”® After experience is accumulated by using
a given product, previously noteworthy reactions are perceived as
being predictable and less noteworthy and, therefore, may be re-
ported less frequently.>®”®7® Thus, the Weber effect is character-
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ized by a transient increase in adverse event reporting that tends to
peak in the second year following introduction of a new agent,
with a subsequent return to the original baseline reaction rate
observed before the introduction of the new agent.”® Such an
effect was recently reported with GBCAs by Davenport et al,””
who described the impact of an abrupt switch from Magnevist to
MultiHance on the incidence of immediate allergic-type adverse
events. After MultiHance was substituted for Magnevist, a signif-
icant transient increase in the frequency of reported allergic-like
reactions occurred that peaked in the second year postswitch and
then declined, suggestive of the Weber effect. The subsequent
reaction rate during last 3 calendar quarters of the monitoring
period did not differ significantly from the original baseline reac-
tion rate with Magnevist.79 However, the authors did note that the
study was underpowered to confirm noninferiority among differ-
ent GBCAs with respect to severe reactions.

Another confounder in the comparison of adverse events
among various GBCAs is the Lalli effect, which occurs when prac-
titioners unintentionally project their feelings about a new prod-
uct onto patients, inducing fear and anxiety. This may result in
unpredictable, idiosyncratic reactions of varying severity.””

Both of these effects have been observed with contrast
agents®®’””%; however, true differences between agents in terms
of severe acute reaction rates have not been demonstrated in well-
controlled, statistically powered, prospective, randomized,
blinded studies.”® The main reason for the lack of such studies is
their complexity, duration, and cost due to the low incidence of
adverse events. For an idea about the estimated sample size, a
randomized, parallel-group study aimed at comparing the safety
of agent A versus agent B with expected rates of allergic-type se-
vere adverse reactions of 1/20,000 and 1/100,000, respectively,
would require 350,000 patients per agent—that is, 700,000 pa-
tients for 85% statistical power by using 2 group Fisher exact tests
with an a of .05 and a 2-sided significance level. Such a sample size
would be required for a 5-fold difference in the rate of adverse
reactions. If you assume that agent A has a reaction rate of
1/50,000 and agent B has a reaction rate of 1/100,000, the number
of patients per group for the same 85% power would rise to
2,890,000.

Several reports have claimed to show differences across
GBCAs.>% However, these reports have largely been retrospec-
tive surveys or observational studies with major methodologic
flaws, such as reliance on the accuracy of historic recordkeeping
by busy health care providers, lack of randomization, presence of
unbalanced study groups, possible selection bias, potential for
confounding data, and inappropriate analysis. In contrast, more
reliable data are derived from prospective development studies.
Unfortunately, most development studies are noncomparative
and, when comparative, are typically too small to allow robust and
unequivocal conclusions.”®

DISCUSSION

Morphologic Imaging

One major conclusion to be drawn from intraindividual cross-
over studies performed to compare GBCAs at approved doses (0.1
mmol/kg body weight) for morphologic imaging of brain lesions
(mostly tumors) is that rI-relaxivity is the primary determining



factor for contrast efficacy. Thus, large-scale, well-controlled,
prospective clinical studies have found no differences between
GBCAs with similar rI values (Magnevist versus ProHance,”® Ga-
davist versus ProHance,?"), while differences have been observed
between GBCAs with higher rl-relaxivity versus GBCAs
with “standard” rl-relaxivity (Gadavist versus Dotarem’%
MultiHance versus Dotarem, Magnevist, Omniscan, Gadavist’>™*").
Moreover, the studies performed so far suggest that the magni-
tude of the superiority reflects the magnitude of the difference in
rl-relaxivity. Thus, the difference in percentage lesion enhance-
ment of approximately 9% for Gadavist compared with Dota-
rem?” reflects only a slightly greater r1-relaxivity of Gadavist com-
pared with Dotarem, while the larger differences of 22%-27% for
MultiHance compared with Gadavist*' and Magnevist,”” respec-
tively, reflect the larger differences in r1-relaxivity between these
agents. Notably, small differences in percentage lesion enhance-
ment have not been demonstrated to add significant clinical effi-

cacy,3l’32

while larger differences have been shown to result in
significantly superior depiction of tumor morphologic features,
lesion extent, and border delineation.’**' The previously cited
studies also support our earlier hypothesis that in steady-state
postcontrast T1-weighted imaging typically used for conven-
tional CNS imaging, in which postcontrast acquisition times are
delayed at least 2-5 minutes following contrast agent injection,
the administered Gd concentration of the agent does not play a
significant clinical role when the different GBCAs are delivered at
equal FDA-approved doses.

Perfusion Imaging

The magnitude of signal drop in DSC perfusion imaging is largely,
if not solely, dependent on the r2* value of the GBCA together
with the local concentration of Gd. The r1 and r2 values of GBCAs
play no detectable role in DSC perfusion. Thus, at least theoreti-
cally, the higher concentration of Gadavist should be advanta-
geous for perfusion imaging compared with standard-concentra-
tion GBCAs when administered at equivalent doses at a fixed
injection rate. Hence, while a 75-kg patient administered a stan-
dard Gadavist dose of 0.1 mmol/kg body weight at a rate of 5 mL/s
would receive a total volume of 7.5 mL in 1.5 seconds, the same
patient administered an equivalent gadolinium dose of standard
concentration GBCA at the same rate would receive a total vol-
ume of 15 mL during 3 seconds. In this setting the possibility of
injecting an equivalent number of Gd molecules in a shorter time,
giving a sharper contrast bolus, might be expected to result in
more Gd molecules in the tissue of interest during image acquisi-
tion and thus a greater susceptibility effect, as suggested by Giesel
etal.** However, the experimental results of Thilmann et al*® and
Essig et al*” revealed no significant differences for similar injected
doses of Gadavist and MultiHance (identical signal intensity/time
curves obtained for single-dose examinations with both GBCAs).
These findings suggest that bolus dispersion (ie, physiologic wid-
ening [dilution] of the contrast bolus during the first pass through
the lungs and heart) leads to normalization of the resulting bolus
shape to a point where the local intravascular concentration of Gd
is similar for injections of equal total dose. Dilution of the con-
trast bolus in this manner appears to obviate any benefit of
higher Gd concentration at the short injection times (typically

<5 seconds) required for perfusion imaging.*® In this case, the
susceptibility perfusion effect is determined primarily by the
administered GBCA dose, rather than by administered GBCA
molarity.*® There is support for this possibility in a study by

van Osch et al,®°

which reported the altered results of perfusion
measurements obtained when varying parameters, including
injection rate, injection volume, and injection time, even when

using the same total Gd dose.

Contrast-Enhanced MR Angiography

When injected under comparable conditions (ie, with identical
bolus geometry), the greater rI-relaxivity of MultiHance has been
shown to be beneficial for CE-MRA of the supra-aortic arteries,
giving superior quantitative and qualitative enhancement when
administered at an equivalent dose to Magnevist®' and equivalent
enhancement and diagnostic performance, when a single dose of
MultiHance is compared with a double dose of Magnevist.>
These findings in the supra-aortic arteries are supported by the
findings of numerous intraindividual crossover studies in other
vascular territories.®'

It is reasonable to conclude that increased GBCA concentra-
tion (as seen in Gadavist) and significant increases in rI-relaxivi-
ties (to the magnitude seen with MultiHance) would each be ben-
eficial for increased vascular signal intensity for CE-MRA, though
the benefit obtained from higher concentrations may be accom-
panied by a concomitant shortening of the optimal image-acqui-
sition timing window when both agents are injected at similar
rates. Attempting to increase the likelihood of successfully match-
ing the timing window of the lowest order phase-encoding steps
with the first passage of the contrast agent by slower injection rates
or by dilution of the administered agent may help offset any such
timing problems but may simultaneously serve to negate any po-
tential benefit that the higher concentration agent might have
introduced.

CONCLUSIONS

The use of GBCAs in neurorardiologic applications has revolu-
tionized the field since their introduction 25 years ago. Clinical
applications in steady-state parenchymal imaging, MR angiogra-
phy, and perfusion are developing rapidly. Radiologists should be
aware in detail of the characteristics of the various agents includ-
ing relaxivity, concentration, and chelate stability along with how
these affect diagnostic efficacy and patient safety. In this review,
we have attempted to present these in a manner that will, hope-
fully, enable the physician user to optimize agent selection and
imaging parameters to achieve the best results for any given clin-
ical situation.
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ABSTRACT
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BACKGROUND AND PURPOSE: Several trials have compared vertebral augmentation with nonsurgical treatment for vertebral compres-
sion fractures. This trial compares the efficacy and safety of balloon kyphoplasty and vertebroplasty.

MATERIALS AND METHODS: Patients with osteoporosis with 1-3 acute fractures (T5-L5) were randomized and treated with kyphoplasty
(n =191) or vertebroplasty (n = 190) and were not blinded to the treatment assignment. Twelve- and 24-month subsequent radiographic
fracture incidence was the primary end point. Due to low enrollment and early withdrawals, the study was terminated with 404/1234
(32.7%) patients enrolled.

RESULTS: The average age of patients was 75.6 years (77.4% female). Mean procedure duration was longer for kyphoplasty (40.0 versus 31.8
minutes, P < .001). At 12 months, 7.8% fewer patients with kyphoplasty (50/140 versus 57/131) had subsequent radiographic fracture, and
there were 8.6% fewer at 24 months (54/110 versus 64/111). The results were not statistically significant (P > .21). When we used time to event
for new clinical fractures, kyphoplasty approached statistical significance in longer fracture-free survival (Wilcoxon, P = .0596). Similar pain
and function improvements were observed. CT demonstrated lower cement extravasation for kyphoplasty (157/214 versus 164/201 levels
treated, P = .047). For kyphoplasty versus vertebroplasty, common adverse events within 30 postoperative days were procedural pain
(12/191, 9/190), back pain (14/191, 28/190), and new vertebral fractures (9/191, 17/190); similar 2-year occurrence of device-related cement
embolism (1/191, 1/190), procedural pain (3/191, 3/190), back pain (2/191, 3/190), and new vertebral fracture (2/191, 2/190) was observed.

CONCLUSIONS: Kyphoplasty and vertebroplasty had similar long-term improvement in pain and disability with similar safety profiles and
few device-related complications. Procedure duration was shorter with vertebroplasty. Kyphoplasty had fewer cement leakages and a
trend toward longer fracture-free survival.

ABBREVIATIONS: AE = adverse event; BKP = balloon kyphoplasty; EQ-5D = EuroQol-5-Domain; KAVIAR = Kyphoplasty and Vertebroplasty In the Augmentation
and Restoration of vertebral body compression fractures; MedDRA = Medical Dictionary for Regulatory Activities; ODI = Oswestry Disability Index; RCT = randomized

controlled trial; VCF = vertebral compression fracture; VP = vertebroplasty

Vertebral compression fractures (VCFs) are clinically recog-
nized in 1.4 million individuals worldwide annually,' often
resulting in pain, disability, vertebral deformity,> and consider-

Received June 15, 2014; accepted after revision August 25.

From the Department of Orthopaedic Surgery, University of Arizona College of
Medicine (M.D.), Tucson, Arizona; Utah Valley Interventional Associates and Utah
Valley Regional Medical Center (C.M.B.), Provo, Utah; OrthoMontana (A.D.), Billings,
Montana; Medtronic Spine (J.B.T.), Sunnyvale, California; and Aurora Memorial Hos-
pital of Burlington (G.F.), Burlington, Wisconsin.

This work was sponsored and funded by Medtronic Spine.

Please address correspondence to Michael Dohm, MD, Department of Orthopae-
dic Surgery, University of Arizona College of Medicine, 2800 E Ajo Way, Suite 200,
PO Box 245005, Tucson, AZ 85724; e-mail: mdohm@ortho.arizona.edu

O Indicates open access to non-subscribers at www.ajnr.org

E Indicates article with supplemental on-line table.
w Evidence-Based Medicine Level 1.
http://dx.doi.org/10.3174/ajnr.A4127

able negative economic impact.” Balloon kyphoplasty (BKP) and
vertebroplasty (VP) are percutaneous procedures aimed at reduc-
ing pain and providing fracture stability. Balloon kyphoplasty
uses orthopedic inflatable bone tamps before bone cement injec-
tion in an attempt to correct vertebral deformity and control ce-
ment distribution.*® Vertebroplasty is similar, using needles to
deliver bone cement without orthopedic balloons.” When Ky-
phoplasty and Vertebroplasty In the Augmentation and Restora-
tion of vertebral body compression fractures (KAVIAR) was ini-
tiated, no comparative randomized controlled trials (RCTs)
existed, and evidence remains limited.® Several RCTs demon-
strated better clinical outcomes for kyphoplasty and vertebro-
plasty compared with nonsurgical management.*”°'' The
KAVTIAR study objectives were to document and compare BKP
and VP safety and effectiveness in patients with osteoporosis
with VCF. The primary end point, subsequent radiographic
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VCF incidence, was selected because stabilization and defor-
mity correction may have an effect on new VCF occurrence.'?
Secondary end points included pain, disability, and quality-of-
life assessments.

MATERIALS AND METHODS

Patients

A protocol steering committee, established before study enroll-
ment (see the “Acknowledgments”), comprised kyphoplasty and
vertebroplasty experts, to reduce the potential for bias and pro-
vide critical input to study design elements.

Participants had 1-3 acute, painful, VCFs from T5 to L5 due to
osteoporosis and had correlative clinical findings with edema on
MR imaging, uptake on radionuclide bone scans, or acute verte-
bral height loss within 6 months by CT, MR imaging, or x-ray.
Patients were excluded if back pain was not attributable to VCF,
they had >3 acute fractures, had VCFs >6 months old, had frac-
tures due to cancer or high-energy trauma, required procedures
other than BKP or VP for fracture stabilization, they had contra-
indications such as irreversible coagulopathy or known allergies
to bone cement or contrast, or had evidence of local or systemic
infection. In the absence of cancer or trauma (see exclusions
above), the presence of VCF is a hallmark of osteoporosis'?; there-
fore, the decision to perform diagnostic bone mineral attenuation
examinations was determined by treating physicians and was not
a study requirement. Before enrollment, participants gave written
informed consent, which included risks for both procedures. The
protocol and consent forms were approved by the institutional
review board for enrolling sites.

Research Design

Patients were randomized to kyphoplasty (n = 199) or vertebro-
plasty (n = 205) by computer by using a dynamic minimization
technique stratified by the number of prevalent VCFs, etiology, and
study center; patients were not blinded—that is, on randomization,
they were aware of the treatment assignment.

Investigator requirements were 50 lifetime procedures or 20 in
the last year for each procedure. Investigators qualified for only 1
procedure could participate as a team—that is, they could partner
with an investigator qualified in the other technique to treat pa-
tients randomized to the alternative treatment. Treating physi-
cians partnering as a team were to consult on patient screening
(before enrollment and randomization) to ensure agreement that
the patient could be treated with either VP or BKP. Tools and
polymethylmethacrylate bone cement used were approved or
cleared by the FDA for treating VCFs by using BKP and VP, re-
spectively. BKP was performed by using a bilateral approach as
previously described (Kyphon Osteo Introducer Systems, Inflat-
able Bone Tamps, HV-R Bone Cement, Bone Filler Devices, and
other BKP devices were manufactured by Medtronic Spine,
Sunnyvale, California).* *'* VP was performed according to local
practices.

The primary end points were 12- and 24-month new radio-
graphic VCF (including any new or worsening index fracture)

incidence by using the method of Genant et al.'®

Originally, the
1234 enrollment goal stemmed from an 8.7% difference in subse-

quent radiographic fracture (40% in VP, 31.3% in BKP), 20%
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withdrawal, 80% power, and 5% «. Due to high unanticipated
withdrawal (38%) and limited enrollment, the sponsor, unaware
of outcomes, terminated the study with only 404/1234 patients
enrolled. This decision was discussed with the protocol steering
committee and data safety monitoring board members (see the
“Acknowledgments”) with subsequent investigator notification.
Enrolled patients were terminated without additional follow-up
except that any not reaching the 1-month visit were followed to
collect 30-day safety data. Investigators reviewed and signed case
report forms in an Electronic Data Capture system (Outcome,
Cambridge, Massachusetts), and data were 100% source-verified.

All adverse events (AEs) were collected, reported, and evalu-
ated by investigators for device and procedure relationship. AEs
were systematically classified into preferred terms and system or-
gan class according to the Medical Dictionary for Regulatory Ac-
tivities (MedDRA)'® by using the verbatim language reported by
investigators into Electronic Data Capture. An independent data
safety monitoring board reviewed safety data and associated
MedDRA coding for the trial. New clinical fractures were defined
as subsequent, painful vertebral fractures coming to clinical atten-
tion. Data were derived from specific, subsequent fracture and
adverse event data entered by sites in the Electronic Data Capture.

Secondary outcomes at 1, 3, 12, and 24 months included the
SF-36 Physical Component Summary,'” the EuroQol-5-Domain
(EQ-5D) questionnaire,'® a numeric rating scale for back pain,*
and the Oswestry Disability Index (ODI) (Section 8, regarding
sexual activity, was removed from the ODI questionnaire and
therefore not asked of these typically elderly patients).* Back pain
was also assessed 7 days postoperatively. For EQ-5D, US utilities
were applied.”’

Standing lateral spine radiographs were obtained at baseline,
postoperatively, and at 3, 12, and 24 months. Standing lateral
images were used for determining new radiographic fracture by
using the method of Genant et al'*; and vertebral kyphotic angu-
lation, by using quantitative morphometry.>* The angle formed
by lines drawn parallel to the caudal and cranial fractured verte-
bral body endplates determined the kyphotic angulation. A post-
procedural CT scan was obtained through treated levels and
was used for determining cement volume and leakage. All im-
ages were read centrally (Synarc, Newark, California) by a
blinded radiologist. Cement volume was determined by ce-
ment injected intraoperatively as reported by investigators,
and an independent radiologist used postoperative CTs and
computer-assisted segmentation of vertebrae, with cement de-
fined as voxels >850. Image segments were inspected, and vox-
els >850 were removed if clearly part of native bone.

Statistical Methods

Modified intention to treat was used, including all data available
from the 381 patients randomized and treated. Eight patients with
BKP and 15 with VP enrolled, withdrew before surgery, and were
therefore not analyzed. All other subjects underwent surgery as
assigned. Four patients with BKP and 7 with VP underwent a
crossover surgery for a subsequent VCF. For any subject having
surgery for a new VCF, the last observation before surgery was
carried forward to later visits. Continuous variables were analyzed
by ANCOVA by using the baseline as a covariate. For categoric



FIG1. Patient accountability.

variables, between-group comparisons were assessed by using the
x° or Fisher exact test. For cement leakage, cement volume, and
kyphotic angulation, analyses were based on treated levels. P =< .05
was statistically significant.

Funding Source
Medtronic Spine sponsored this study and contributed to study
design, data monitoring, statistical analysis, and reporting of re-

sults and paid for independent core laboratory and data safety-
monitoring board services.

RESULTS
Patient Disposition and Demographics
Patients were enrolled and randomized between October 2006
and May 2011. Figure 1 shows patient disposition.
The average age of patients was 75.6 years, 77.4% were women,
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FIG 2. Distribution of index and prevalent fractures and those with edema and vacuum cleft for the BKP and VP groups combined. Index levels
(those identified as treatment levels) and prevalent fractures (all radiographic fractures assessed by the core laboratory) are shown, identified
from standing lateral x-ray films with 379 of 381 treated patients contributing data. The distribution of levels with edema and those with vacuum
cleft is shown on the basis of available MR imaging at baseline (294 of 381 treated patients).

and 78.5% had single fractures treated (On-line Table). The base-
line proportion of patients using bisphosphonates, calcium, and vi-
tamin D is shown in the On-line Table; 151/261 (57.9%), 212/261
(81.2%),and 214/261 (82.0%) were using bisphosphonates, calcium,
and vitamin D at 12 months respectively; and 93/191 (48.7%), 149/
191 (78.0%), and 151/191 (79.1%), at 24 months. Use of these med-
ications was not statistically significant between groups.

There was a higher radiographic fracture prevalence than
identified clinically, and most treated fractures had active lesions
confirmed on MR imaging (Fig 2). Most fractures occurred at T12
and L1.

Procedure Characteristics

Most patients (70.3%) had local anesthesia with conscious seda-
tion (Table 1). Fewer radiologists performed kyphoplasty (150/
191, 78.5%) compared with vertebroplasty (165/190, 86.8%).
Vertebroplasty had a shorter mean procedure duration (BKP,
40.0 minutes; VP, 31.8 minutes; P < .001) and median hospital-
ization duration (BKP, 22 hours; VP, 8 hours; P = .010). For
vertebroplasty, 152/189 (80.4%) procedures were performed by
using an injector kit. Kyphoplasty had statistically significantly
higher cement volumes assessed by CT (Table 1).

Subsequent Vertebral Fracture

Regarding the primary end points (Table 2), 7.8% fewer patients
with BKP had subsequent radiographic fractures compared with
those who had VP at 12 months (P = .21), and 8.6% fewer, at 24
months (P = .23); but results were not statistically significant.
Because subsequent radiographic fractures included any worsen-
ing index fractures, we analyzed those separately; 4 of 140 (2.9%)

2230 Dohm Dec 2014 www.ajnr.org

subjects with BKP and 10 of 131 (7.6%) subjects with VP had
worsening index fractures (P = .10) at 12 months. No additional
worsening index fractures were detected at 24 months.
Kaplan-Meier analysis of new clinically identified fractures
(Fig 3) approached statistical significance for longer fracture-free
survival in the BKP group (Wilcoxon test, P = .0596). For the 88
subjects with new clinically recognized fractures (Fig 3), 85 of 88
(96.6%) were specifically associated with new-onset pain. Sixty-
three (71.6%) subjects had a VCF confirmed by MR imaging; 15
(17.0%) had VCF confirmed by using x-ray only, which consisted
of a change of atleast 1 Genant grade. Six (6.8%) had CT, 2 (2.2%)
had bone scans, and 2 (2.2%) had an imaging technique not spec-
ified. With regard to subsequent treatment, 70 (79.5%) had ver-
tebral augmentation for at least 1 VCF, 16 (18.1%) had nonsurgi-
cal care alone, 1 (1.1%) had subsequent fusion surgery with
instrumentation, and 1 (1.1%) had therapy not identified.

Pain, Disability, and Quality of Life

Kyphoplasty and vertebroplasty groups had similar baseline
back pain, SF-36 Physical Component Summary, and EQ-5D
quality-of-life and ODI scores. For each outcome, statistically
significant improvements from baseline were observed for
each group, but differences between treatment groups were not
significant (Fig 4). Concomitant with pain relief, use of opioid
medications dropped from 73.9% (122/165) of patients at
baseline (On-line Table) to 17.6% (25/142) for BKP and from
74.6% (126/169) to 23.9% (34/142) for VP at 6 months (P = .24).
Results were 17.6% (16/91) for BKP and 25.6% (21/82) for VP at
24 months (P = .26).



Table 1: Procedure characteristics

Safety

Kyphoplasty  Vertebroplasty The most common AEs (classified ac-
(n=191) (n=190) PValue  cording to MedDRA) within 30 days of
Surgery as randomized (No.) 191 190 surgery were procedural pain (BKP: 12/
Phlynsézlfvr:ertﬁi(awa(@lo ist 117 (613) 138 (72.6) 019191, VP: 9/190), back pain (BKP: 14/
Interventional neuroragdiologist 33(17.3) 27 (14.2) 191, VP: 28/190), and new symptomatic
Orthopedic surgeon 41(215) 23(12.1) fracture (BKP: 9/191, VP: 17/190).
Neurosurgeon 0 2(10) Common during 2 years were bronchitis
Anesthesia (m) (%) 086 (BKP: 10/191, VP: 10/190), pneumonia
Local with conscious sedation 125 (654) 143 (753) (BKP. 15/191’ VP: 12/190)) urinary tract
gi}:‘::a' > gz)s) ?(7) ?593? infection (BKP: 11/191, VP: 19/190),
Hospitalization (m) (%) 014 falls (BKP: 47/191, VP: 46/190), proce-
Outpatient 109 (57.1) (69.5) dural pain (BKP: 12/191, VP: 9/190), ar-
Inpatient 82(429) 58 (30.5) thralgia (BKP: 18/191, VP: 12/190), back
Postural reducti(?n performed (m) (%) 154 (806) (75 1) 217 Paln (BKP: 49/191’ VP: 59/190), lumbar
Procedure durat|or1 (mm} (mean) (SD) 40.0(22.0) 8(19 3) <.001 vertebral facture (BKP: 9/191, VP: 13/
Fluoroscopy duration (min) (mean) (SD) 10.0 (6.3) 8.5(4.9) .008
Duration of stay (hr) (median) (IQR) 22.0 (6.0-26.0) 0(5.0-24.0) 00 190), and thoracic vertebral fracture
Fractures treated n = 244 n =235 (BKP: 20/191, VP: 21/190). Device- and
Procedure (m) (%) <.001 procedure-related AEs during 2 years
Bilateral 242(99.2) 151(65.) are detailed in Table 4; most were ob-
Unilateral 2(0.8) 81(34.9) o
Total cement volume (mL) (median) (IQR)? 46 (3.4-6.0) 4.0 (3.0-6.0) os3  served within 30 days postsurgery. All
Fractures scanned by CT® n =24 n =201 AEs are posted on www.clinicaltrials.
Vertebral body volume (mL) (median) (IQR) 257 (19.3-314) 25 1(19.4-31.9) 74 gov (NCT00323609). A few AEs, includ-
Cement volume (mL) (median) (IQR) 5.2(3.8-6.3) 6(2.9-6.5) .037 ing procedural pain (BKP: 3/191, VP:
Cement/vertebral ratio (median) (IQR) 0.21(0.16-0.26) 0 19 (0.13-0.25) .008

3/190), back pain (BKP: 2/191, VP: 3/

Note:—(m) indicates numerator (No.) in category; IQR, interquartile range.

2 For BKP, all patients were treated with HV-R bone cement (Kyphon; Medtronic Spine, Sunnyvale, California). For VP, 46
(24.3%) patients were treated with Spineplex (Stryker, Kalamazoo, Michigan); 43 (22.8%), with Parallax (ArthroCare,
Austin, Texas); 34 (18.0%), with AVAtex (CareFusion, San Diego, California); 14 (7.4%), with Confidence (DePuy Spine,
Raynham, Massachusetts); 11 (5.8%), with HV-R (Kyphon); 10 (5.3%), with Visioplast (Tecres, Verona, Italy); and 10 (5.3%),
with Vertefix (Cook, Bloomington, Indiana). The remaining 21 (111%) were treated with other bone cements.

b CT assessments were made by the core radiographic laboratory.

Table 2: Patients with new radiographic fractures®

Kyphoplasty  Vertebroplasty P Value
0-3 Mo
None 115 (76.7%) 106 (72.6%) 43
All subsequent 35(23.3%) 40 (27.4%)
0-12 Mo®
None 90 (64.3%) 74 (56.5%) 2
All subsequent 50 (35.7%) 57 (43.5%)
0-24 Mo®
None 56 (50.9%) 47 (423%) 23
All subsequent 54 (49.1%) 64 (57.7%)

2 Radiographic fractures identified by a core laboratory.
® Co-primary end point.

Secondary Radiographic End Points

Investigators were to attempt vertebral deformity correction,
regardless of treatment; 154/191 (80.6%) patients with BKP
and 142/189 (75.1%) with VP had perioperative postural re-
duction. Compared with the preoperative condition, average
postoperative kyphotic correction was statistically significant
at each time point for both the BKP and VP groups (Table 3).
Postoperatively, the ANCOVA estimate of mean difference be-
tween groups was 0.21° (95% CI, —0.73°-1.14°) and was not
statistically different (P = .663). At 24 months, kyphosis cor-
rection was better in the BKP group with a mean difference
between groups of 1.42° (95% CI, 0.10°-2.74°), which was sta-
tistically significant (P = .036).

190), new fractures (BKP: 2/191, VP:
2/190), cement embolism (BKP: 1/191,
VP: 1/190), muscle spasm (BKP: 1/191,
VP: 0/190), arthralgia (BKP: 1/191, VP:
0/190), bone marrow edema (BKP:
0/191, VP: 1/190), and implant-site ex-
travasation (BKP: 0/191, VP: 1/190), were specifically considered
to be device-related (Table 4). Five BKP AEs (constipation, pro-
cedural nausea, procedural hypotension, hallucination, exacer-
bated chronic obstructive pulmonary disease) and 5 VP AEs (hy-
persensitivity, mental status changes, hypoxia, respiratory failure,
hematoma) were considered anesthesia- or procedure-related
(Table 4). No deaths were noted as device- or procedure-related.
Overall cement extravasation, assessed by postoperative CT
(Fig 5), was lower (P = .047) for BKP (157/214 levels treated)
compared with VP (164/201 levels treated). There was lower in-
travascular extravasation for BKP (59/214 levels treated) com-
pared with VP (76/201 levels treated, P = .028). As indicated in
Table 4, 1 patient with BKP and 1 with VP each presented with
symptoms and were found to have cement embolism. One patient
with VP had a new symptomatic fracture occur within 2 days
postoperatively (inferior to the index level), with inferior cement
leakage that was considered possibly bone cement-related.

DISCUSSION

This was the first large-scale RCT of BKP and VP with long-term
follow-up. Both treatments provided similar sustained improve-
ment from baseline in pain, disability, and quality of life that
lasted for 2 years. These improvements were statistically signifi-
cant and clinically relevant but were not statistically different be-
tween groups. Safety data support the safe use of both BKP and
VP. Kyphoplasty trended toward fewer fractures, had lower ce-
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FIG 3. Kaplan-Meier survival analysis for new clinical fractures.

ment extravasation, and more kyphotic deformity correction at
24 months. With vertebroplasty, there was slightly more local
anesthesia use, more outpatient procedures, and a shorter dura-
tion of stay; it is likely that these findings are due to the different
physician profiles performing the procedures (Table 1) and asso-
ciated practice patterns.>*>* Differences in physician profile likely
stem from the study design allowing investigators to participate as
a team (see Material and Methods). Shorter procedure and fluo-
roscopy duration for VP may be related to more unipedicular
vertebral access during VP treatment (Table 1).

Minimally clinically important differences are commonly
used thresholds to estimate the clinical significance of out-
comes.>® Improvements from baseline in the SF-36 Physical
Component Summary were >7.5 points at 12 and 24 months for
both groups, exceeding the estimated minimally clinically impor-
tant difference of 3.5-4.3 points.*® Similarly, improvements of
=4 points exceeded the 1- to 2.5-point threshold for back
pain)l9,25
point threshold for ODI,**?® and improvements of =0.28 points
exceeded the 0.08 threshold for EQ-5D.%¢

Cumulative evidence demonstrates that kyphoplasty and verte-

improvements of >25 points exceeded the 10- to 15-

broplasty provide better outcome than nonsurgical management in

RCTs and meta-analyses™®>7>°1 12728

and acceptable cost-effective-
ness ratios.'**>! Several large retrospective studies using claims
data, investigating BKP, VP, and nonsurgical management, provide
additional evidence.>*™> Although 2 blinded RCTs concluded that
vertebroplasty was similar to a local anesthetic “sham” interven-
tion,”*?” these trials have several important limitations, including
atypically broad inclusion criteria, allowance of chronic frac-

tures, small sample size, and, in 1 study, high crossover, all of
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which preclude definitive conclusions.*®***° For example, in 1
study, higher crossover in the sham group compared with verte-
broplasty (51% versus 13%, P < .001) at 3 months suggests that
any short-term effects of the sham intervention are not long-last-
ing.’® Here, and in several other RCTs, kyphoplasty and vertebro-
plasty had statistically significant and sustained clinical improve-
ment from baseline in pain, disability, and quality-of-life
outcomes for 1 and 2 years; and compared with nonsurgical man-
agement, benefits persisted throughout 1 and 2 years for several
outcomes.”® " Such results are inconsistent with placebo effects.

Currently, there is 1 small randomized study showing similar
pain outcomes for BKP and VP but statistically significantly better
height restoration for BKP.* Nonrandomized comparisons show
similar results.*>*! Here, postsurgery kyphotic angulation correc-
tion was similar between groups. There was some loss of correc-
tion in both groups at 3 months; however, for VP, the trend was
more loss, with a statistically significant 24-month difference be-
tween groups (Table 3). Our postoperative results of approxi-
mately 3° of kyphosis correction are consistent with 2 other BKP
RCTs>®; one with long-term follow-up reported minimal correc-
tion loss during 2 years.? Postural reduction has been shown to

4243 achievable

6,43

provide deformity correction for vertebroplasty,
in 35%-50% of acute fractures that have dynamic mobility.
Likewise, in several BKP studies, substantial postural reduction with
additional inflatable bone tamp contributions of 27%-100% has
been documented.®***> With KAVIAR, 75% of patients with VP
had postural reduction, accounting for deformity correction in the
VP group, and this finding may explain less postoperative correction
in VP (compared to BKP) reported in other studies.®***!

The subsequent radiographic fracture rate is similar to that in
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FIG 4. Quality-of-life, disability, and pain assessments at baseline and after balloon kyphoplasty or vertebroplasty. Means and 95% confidence
intervals are shown for balloon kyphoplasty (solid lines) and vertebroplasty (dashed lines) for the SF-36 Physical Component Summary (scale 0-100) (A);
the total EQ-5D scores (scale 0-1) (B); back pain (scale 0-10) (C); and the Oswestry Disability Index (scale 0-100) (D). The treatment P value in each panel
indicates the comparison between groups. Below each panel, the n for each group is shown for baseline, 3,12, and 24 months and the group average for
change from baseline and 95% Cl for 3,12, and 24 months. The asterisk indicates P < .001 for all change from baseline scores.

Table 3: Index vertebral body kyphotic angulation correction

Raw Data Change ANCOVA Change from
from Baseline in Degrees Baseline in Degrees ANCOVA Estimate of

Levels (No.) (Mean) (95% CI)? (LS Mean) (95% CI) Mean Difference ANCOVA

BKP VP BKP VP BKP VP (95% CI1) P Value
Post-op 213 195  310(239-3.80) 341(261-421)  334(270-399) 314 (247-38]) 021(—073-114) 663
3 Mo 168 155  178(0.98-2.58) 2.28(137-319)  2.00(127-272)  2.04(128-2.80)  —0.04(—110-1.01) 933
12 Mo 154 127 1.97 (1.11-2.82) 151(0.58-2.44)  2.18(1.47-2.89)  1.26(0.48-2.04) 0.92(—0.14-1.98) .089
24 Mo 99 92 209(0.90-3.28) 143(0.39-247) 2.46(1.55-337)  1.04(0.09-1.98) 142 (0.10-2.74) 036

Note:—Post-op indicates postoperative; LS, least squares.
#0n the basis of the paired t test, changes from baseline results at each time point

another RCT>' and is likely due to the high number of prevalent
fractures at baseline, a potent risk factor.'® This finding under-
scores the importance of additional therapeutic measures such as
pharmacologics to help reduce fracture risk. Because randomiza-
tion was stratified by baseline fracture prevalence, BKP and VP
groups were well-balanced. Although not statistically significant,
likely due to lack of statistical power, the BKP group was 7.8%-—
8.6% lower in 1- and 2-year radiographic fracture rates, consistent
with the prespecified protocol originally powered to detect an
8.7% difference. Furthermore, the Kaplan-Meier analysis of new
clinically recognized fractures approached statistical significance
for a longer time to first clinical fracture within the BKP group.
These results are consistent with several meta-analyses showing
fewer new VCFs in BKP.*¢™*8

Kyphoplasty and vertebroplasty were found to be safe in this pop-

within each group (BKP and VP) were statistically significant (P =< .007).

ulation, having similar safety profiles (Table 4). A similar number of
patients in each group had device-related cement embolism (1
BKP, 1 VP), back pain (2 BKPs, 3 VPs), procedural pain (2
BKPs, 3 VPs), and new fractures considered to be related to the
procedure (2 BKPs, 2 VPs). Several meta-analyses suggested
that while both procedures have a low complication rate, BKP
may have a lower rate of serious and symptomatic complica-
tions.*”** The similar safety profile observed here may be due
to highly experienced physicians required by the protocol.
CT assessment showed significantly less cement extravasation
in BKP- (73%) versus VP-treated (82%) vertebrae (P = .047).
These rates are higher than those in most reports, likely relating to
use of CT, but are consistent with leakage being lower in BKP.***°
Most other studies reported cement leakage on the basis of inves-
tigator assessment, by using reviews of conventional x-ray images,
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Table 4: Device/procedure/anesthesia—related adverse events during 2 years

Kyphoplasty  Vertebroplasty
No. of Patients® (n=191) (n=190)
With procedure/device/anesthesia-related (or possibly) AEs 12 1
Blood and lymphatic disorders Bone marrow edema 0 ®
Gastrointestinal disorders Constipation 1 0
Immune system disorders Hypersensitivity 0 1°
Injury or procedural complications Cement embolism 1 1
Implant site extravasation 0 1¢
Mental status changes postoperative 0 1°
Procedural hypotension 1 0
Procedural nausea/vomiting 1 0
Procedural pain 3f 3f
Spinal fracture 18 0
Musculoskeletal disorders Arthralgia 18 0
Back pain 28 38
Muscle spasm 18 0
Symptomatic vertebral fracture 18 28
Psychiatric disorders Hallucination 1° 0
Respiratory disorders COPD 1 0
Hypoxia 0 1
Respiratory failure 0 1
Vascular disorders Hematoma 0 "

Note:—COPD indicates chronic obstructive pulmonary disease.

#Patients may have had multiple AEs; all system organ class categories are listed when there was an event considered related (or possibly related) to
device/procedure/anesthesia.

©1n 1 patient, 1 event was considered nonserious and possibly related to bone cement.

©In1patient, 1 event was considered serious and related (or possibly related) to anesthesia and was resolved with medical intervention.

9In1patient, 1event each was considered serious and bone cement—related (or possibly related). In each case, the event occurred after the surgical treatment of a subsequent
fracture; the BKP event was resolved with oxygen, and the VP event was ongoing at final follow-up.

€ In1patient, 1 event was considered bone cement—related and nonserious. A spinal canal leak was detected intraoperatively; CT was immediately performed without significant canal
stenosis observed with no medical intervention given.

fThree patients in each group with 3 (2 serious) and 4 (all serious) events in the BKP and VP groups, respectively, were considered device-related (or possibly related) but were
resolved.

& The number of patients reflected in the Table had events that were considered serious and related (or possibly related) to the device.

PIn1patient, 1 event was nonserious and possibly related to the procedure (likely a prone position on the operating table).

FIG 5. Cement extravasation. The percentage of treated vertebrae in each treatment group having cement extravasation, measured by using
postoperative CT, is shown; results are based on evaluable CT data for 168/191 patients with BKP and 160/190 with VP, accounting for 214/244 and
201/233 levels, respectively. Fischer exact P values comparing the 2 treatment groups for each category are shown.

which are prone to interpretation bias and are less sensitive. These
results are similar to those in another study using CT, also report-
ing less leakage in BKP (49%) versus VP (87%).%° Leakage into the
perispinal vasculature was significantly less (P = .028) for BKP.
Meta-analyses of complications suggest that BKP results in fewer
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symptomatic cement leakages, which include embolism and spi-
nal cord compression.*®*®

The primary limitations in this study were the lack of patient
blinding, substantial loss to follow-up, and early termination, which

resulted in lack of statistical power for the primary end point. Verte-



broplasty treatment was not standardized among centers. This lack of
standardization may be viewed as a limitation and likely accounts for
observed differences between groups in bilateral treatment and may,
atleast partially, account for differences in cement volumes and leak-
age. Differences in bilateral treatment, in turn, may have had an effect
on the statistically significant changes between groups in kyphotic
angulation at 24 months. However, because there is no established
standard for vertebroplasty, for generalizability, every study center
was asked to provide care consistent with local practices. Nonethe-
less, the strengths are the randomized, multicenter design, a relatively
large sample size, and long-term follow-up. The results of this trial
confirm the effectiveness of vertebral body cement augmentation for
patients with osteoporosis with ongoing pain at index levels corre-
lated by physical examination and imaging. Our results are consistent
with recently updated guidelines published by the National Institute
for Health and Care Excellence in the United Kingdom.”"

CONCLUSIONS

Kyphoplasty and vertebroplasty had similar statistically signifi-
cant sustained clinical improvement in pain and disability with
similar AE profiles. Procedure duration and hospitalization were
shorter with vertebroplasty. Kyphoplasty had fewer cement leak-
ages, a trend of longer fracture-free survival, and less loss of ky-
photic-deformity correction during 2 years.
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Pilot Study of Radiation Dose Reduction for Pediatric Head CT
in Evaluation of Ventricular Size

S. Gabriel, LJ. Eckel, D.R. DeLone, K.N. Krecke, P.H. Luetmer, C.H. McCollough, J.G. Fletcher, and L. Yu

ABSTRACT

BACKGROUND AND PURPOSE: CT is a ubiquitous, efficient, and cost-effective method to evaluate pediatric ventricular size, particularly
in patients with CSF shunt diversion who often need emergent imaging. We therefore sought to determine the minimum dose output or
CT dose index required to produce clinically acceptable examinations.

MATERIALS AND METHODS: Using a validated noise insertion method and CT projection data from 22 patients, standard pediatric head
CT images were reconstructed with weighted filtered back-projection and sinogram-affirmed iterative reconstruction corresponding to
routine, 25%, and 10% dose. Reconstructed images were then evaluated by 3 neuroradiologists (blinded to dose and reconstruction
method) for ventricular size, diagnostic confidence, image quality, evidence of hemorrhage, and shunt tip location, and compared with the
reference standard.

RESULTS: There was no significant difference in the ventricular size ranking, and the sensitivity for moderate to severe hydrocephalus was
100%. There was no significant difference between the full-dose level and the ventricular size rankings at the 25% or the 10% dose level for
either reconstruction kernel (P > .979). Diagnostic confidence was maintained across doses and kernel. Hemorrhage was more difficult to
identify as image quality degraded as dose decreased but was still seen in a majority of cases. Shunts were identified by all readers across
all doses and reconstruction methods.

CONCLUSIONS: CT images having dose reductions of 90% relative to routine head CT examinations provide acceptable image quality to

address the specific clinical task of evaluating ventricular size.

ABBREVIATION: mGy = milligray

efore the advent of ventricular CSF shunt devices for the treat-

ment of hydrocephalus, patients had a poor prognosis with a
very high mortality rate. In 1949, Nulsen and Spitz' were the first
to prove the efficacy of placing a shunt with a 1-way valve into the
venous system of a patient with hydrocephalus to free outflow of
CSF into the venous system. The eventual introduction of the
Spitz-Holter valve in 1956 made ventricular shunting the stan-
dard treatment for hydrocephalus.? Since then, significant tech-
nical advancements in CSF diversion devices have continued;
however, device complications remain fairly common even today.
One study estimated that an episode of ventricular shunt failure
will occur in 85% of patients within 15 years of device insertion’
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with 30%-40% of ventricular shunts failing after the first year of
insertion.* Kim et al® reported a ventricular shunt mortality rate
of 2.2%. The clinical diagnosis of shunt malfunction is further
complicated by nonspecific clinical signs, which can be attributed
to other common pediatric ailments.>*

CT evaluation of ventricular size, in conjunction with clinical
symptoms, is the primary means of assessing ventricular CSF
shunt failure/malfunction in pediatric patients with closed fonta-
nelles.> However, concerns were expressed regarding the use of
CT in children,” primarily because they are more sensitive than
adults for some cancers, one of which is radiation-induced brain
tumor.® In some cases, these concerns have prevented judicious
use of CT imaging.”

Rapid sequence MR imaging may also be used for evalua-
tion of ventricular size; however, it is not routinely available at
large medical centers during off hours, or at small hospitals
that do not have MR imaging units. In addition, MR imaging is
more time consuming and costly, sometimes requires sedation
of young children, and is associated with rare but existing
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FIG1. An actual subject from our study showing the full dose, 50% dose, 25% dose, and 10% dose using sinogram-affirmed iterative reconstruc-

tion and filtered back-projection reconstructions.

safety risks associated with strong magnetic fields and radio-
frequency electromagnetic emissions.'*2

Shunted pediatric patients will require episodic imaging
throughout the life of a shunt to ensure proper functionality,
and given the wide availability of CT across our large (and
often rural) health care network, CT is the principal imaging
technique used. However, repeated use of CT in children has
recently come into question, with some providers advocating
use of MR imaging, despite its associated limitations, because
MR imaging does not use ionizing radiation. To allay concerns
regarding radiation, we have initiated educational programs
for providers and patients that put the very small potential risk
associated with a CT examination into proper perspective. In
addition, our practice carefully evaluates our scanning proto-
cols to use the lowest doses of radiation necessary to answer the
specific diagnostic question.

Because assessment of ventricular size does not require the
same level of image quality as a routine head CT examination,
we hypothesized that the radiation dose could be greatly re-
duced for this diagnostic task without compromising diagnos-
ticaccuracy. Therefore, the purpose of this specific work was to
determine the minimum radiation dose required to produce
clinically acceptable head CT examinations for the evaluation
of ventricular shunt malfunction. As part of this evaluation, we
also examined whether the use of newer image reconstruction
algorithms designed to facilitate dose reduction, commonly
referred to as iterative reconstruction, were required for accu-

rate diagnoses.''?
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MATERIALS AND METHODS

Our Institutional Review Board approved this study with a
waiver of informed consent. Minnesota Research Authoriza-
tion was obtained for each study subject. This study used CT
projection data from pediatric head CT using 1 of 2 emergency
department CT scanners at our institution. All examinations
included in this study were performed as the standard of care;
the images were retrospectively processed and evaluated. This
study was in complete compliance with the Health Insurance
Portability and Accountability Act.

Patient Population

Twenty-two pediatric subjects who underwent noncontrast head
CT studies at our institution from August 2012 to March 2013
were included in this study. Inclusion criteria included: patient
<18 years of age, acquisition of head CT without contrast using
our routine head CT protocol, and ability to retrieve and archive
CT projection data. CT projection data were collected consecu-
tively on all pediatric patients. Patients were excluded if CT pro-
jection data were deleted off the scanner image reconstruction
system before archiving or if the patient was without the Min-
nesota Research Authorization. Some of our study subjects had
a ventriculostomy device to treat hydrocephalus.

Image Acquisition and Reconstruction

Patients were scanned using our regular pediatric head CT protocol
on a 128-section CT scanner (Definition Flash; Siemens, Erlangen,
Germany). Each examination was acquired with a rotation time of



FIG 2. Ventricular size was classified using a previously published visual scale. Reprinted with
permission from Dias MS, Shaffer ML, lantosca MR, et al. Variability among pediatric neurosur-
geons in the threshold for ventricular shunting in asymptomatic children with hydrocephalus.

J Neurosurg Pediatr 2011;,7:134—42.

0.5 seconds, a helical pitch of 0.8, a tube energy of 120 kV, a quality
reference mAs of 220, and a detector configuration of 128 X 0.6 mm.
The automatic exposure control (CARE Dose 4D; Siemens) was
used. Because the automatic exposure control setting on this scanner
uses an adult-size reference patient for pediatric patients, the actual
effective mAs (mAs/pitch) was much lower than 220 because of the
adaptation of the mAs to the pediatric head size. There were 5 trauma
patients scanned with a slightly higher quality reference mAs at 275
and 4 patients scanned with an adult technique (250 effective mAs,
CARE Dose 4D off) because they were older than 6 years according to
our clinical protocols.

Using a validated noise insertion program'* that takes into
account both the automatic exposure control and the bow-tie
filter of the scanner, noise was inserted into the CT projection data
of each patient to result in new CT projection data for each patient

that corresponded to 25% and 10% of
the original routine dose (ie, 75% and
90% dose reduction). Images from these
lower-dose CT projection data were re-
constructed using a 5-mm section thick-
ness and 5-mm interval with 2 recon-
struction kernels used at each dose level,
a routine head kernel with weighted fil-
tered back projection (H30), and a head
kernel using sinogram-affirmed itera-
tive reconstruction (Siemens) called J30
with a strength setting of 2 (Fig 1).

Image Interpretation
Three board- and Certificate of Added
Qualification—certified neuroradiolo-
gists with 8, 22, and 23 years of experi-
ence (L.J.E., P.H.L., KN.K.) were asked
to evaluate each CT dataset for ventric-
ular size, diagnostic confidence, image
quality, evidence of hemorrhage, and
shunt tip location using a standard
form. Readers were blinded to clinical
history, dose level, and reconstruction
kernel. A blocked reader design was used
so that the neuroradiologist readers
were presented with each patient’s ex-
amination (using a unique dose level/re-
construction method combination)
once in every 22 examinations. CT im-
age datasets were presented to the reader
in random order, with images evaluated
on a computer workstation (Advantage
Windows Version 4.3—05; GE Health-
care, Milwaukee, Wisconsin). Ventricu-
lar size was graded as normal, mild hy-
drocephalus, moderate hydrocephalus,
or severe hydrocephalus based on a pre-
viously published visual scale shown in
Fig 2 that was reproduced on the data
form, with the two largest ventricle sizes
classified as severe. Diagnostic confi-
dence was rated along a 5-point scale
similar to comparable previous studies'>'”: 1 = nondiagnostic,
cannot identify or rule out ventricular enlargement and shunt
tube tip location; 2 = will potentially miss mild ventricular en-
largement and shunt tube tip location; 3 = will probably not miss
ventricular enlargement and shunt tube tip location; 4 = most
likely will identify all abnormalities with respect to ventricular
enlargement and shunt tube tip; 5 = can detect ventricular en-
largement and shunt tube tip without diagnostic compromise.
Image quality was also graded along a similar 5-point scale: 1 =
nondiagnostic because of excessive noise/artifacts; 2 = diagnosis
questionable because of excessive noise/artifacts; 3 = diagnostic
with moderate but acceptable noise/artifacts; 4 = mild noise, no
change in diagnostic confidence; 5 =
quality.

Radiologists were also asked to identify intracranial hemor-

routine diagnostic image
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rhage of any type (ie, present, not present, cannot ascertain). If
hemorrhage was present, they were asked to identify the location.
They were also asked to record the shunt tube tip if present. In
addition, readers were given an opportunity to notate additional
observations or comments.

Reference Standard

A reference standard for ventricular size for each patient was deter-
mined using reader agreement rules. These rules defined the refer-
ence standard ventricular size to be the ventricular size determined
by at least 2 of the 3 readers when examining the routine-dose head
CT using the standard commercial iterative reconstruction kernel
(J30). For these 22 routine-dose datasets, all 3 readers rated ventric-
ular size identically in 15 (68%). In the remaining 7 cases, 2 of 3
readers always agreed with the outlying reader ventricular size rank
differing by only 1 severity rank.

FIG 3. Distribution of volume CT dose index for the 22 patients in
their original full-dose examinations (mean, 21.6 = 10.3 mGy; range,
[9.2 mGy, 41.3 mGy]). The volume CT dose index was based on a16-cm
CT dose index phantom.

Table 1: Accuracy of ventricular size rank for exact match between reader and reference

Statistical Analysis

The accuracy of each reader’s ventricular size rankings were com-
pared with the reference standard for each dose level and reconstruc-
tion method. The sensitivity and accuracy for moderate and severe
hydrocephalus were also determined using ventricular size of 3 or 4
versus ventricular size 1 or 2. Descriptive statistics (ie, mean, standard
deviation) were used to report diagnostic confidence and image qual-
ity for each dose level and reconstruction method. Wilcoxon rank
sum test was performed to determine whether diagnostic confidence
and image quality for the reduced dose differed from those in the
routine-dose head CT examinations. Reader agreement was calcu-
lated for all doses and kernels using a multirater k statistic.

RESULTS

Twenty-two patients underwent pediatric head CT with subse-
quent reconstruction of reduced-dose compared with standard
head CT images corresponding to 25% and 10% of the original
dose. Patient ages ranged from 1 month to 16 years (median 3
years). Indications for examination included evaluation for hy-
drocephalus (n = 8), trauma (n = 9), and general assessment (n =
5). Of the 22 total patients evaluated in this study, 12 of the chil-
dren were seen in our emergency department, 2 were being seen in
the outpatient clinic and later scanned in the emergency depart-
ment, and 8 patients were inpatients at the time of the scan.

The mean volume CT dose index in the original 22 full-dose ex-
aminations was 21.6 milligray (mGy) * 10.3 mGy (minimum: 9.2
mGy; maximum: 41.3 mGy), as shown in Fig 3. The mean dose-
length product was 370 = 216 mGy X c¢m (minimum: 98 mGy X
cm; maximum: 778 mGy X c¢m). Using an age-corrected conversion
factor from dose-length product to effective dose,'® the estimated
mean effective dose was 1.8 = 0.5 millisievert (mSv) (minimum: 1.0
mSv; maximum: 2.9 mSv). The estimated mean effective dose corre-
sponding to the 10% dose level would be 0.18 * 0.05 mSv.

According to reference standard assessment of ventricular size,
there were 12 patients with normal ventricular size, 7 patients with
mild hydrocephalus, 2 patients with mod-
erate hydrocephalus, and 1 patient with

standard severe hydrocephalus. There was substan-
100% Dose 25% Dose 10% Dose .
tial agreement between the 3 readers when
cnde ] ; 3(2)2 ] ; ;gz ]2/3;2 ] ; ;22 ]2/3;2 determining ventricular size with a multi-
eader N .

86° (65-97) 86° (65-97) 86 (65-97) 86 (65-97) 86 (65-97) rater k of 0.73, which indicates substantial

Reader 2 19/22 16/22 19/22 7/22 17/22 agreement.
86° (65-97) 73° (50-89) 86° (65-97) 77% (55-92) 772 (55-92) The accuracy for an exact match of ref-
Reader 3 21/22 21/22 21/22 20/22 20/22 erence standard ventricular size and each
95° (77-100) 95° (77-100) 95° (77-100) 91° (71-99) 91 (71-99) reader’s ventricular size rankings for each

? Indicates that all incorrect ventricular size rankings were discrepant by 1rank.

®Indicates that all cases except for 1 at the lower dose levels were categorized within 1 rank ventricular size, when

compared with the reference standard.

Table 2: Accuracy for identification of moderate and severe hydrocephalus (ie, rank 3 or 4

versus rank 1 or 2) per reader compared with reference standard

dose level and reconstruction method are
given in Table 1. The accuracy for the full-
dose examinations ranged from 86% to
95% across readers, from 73% to 95% at

the 25% dose level, and from 77% to 91%

100% D 25% D 10% D
ose ose ose at the 10% dose level. The 95% confidence
EC 150 his0 i LD intervals for accuracy of ventricular assess-
q cy

Reader 1 22/22 22/22 21/22 22/22 21/22 irtually identical f h

100(85-100)  100(85-100)  95(77-100)  100(85-100)  95(77—i00) "™ Wer; 1 virtuaty 1 fenuc ?r eac
Reader 20/22 20/22 2/22 2/22 20/22 reader (Table 1). Except for 1 C'flse or each
91(71-99) 91(71-99) 95 (77-100) 95 (77-100) 91(71-99) reader at the 10% dose level with each re-
Reader 3 22/22 22/22 22/22 22/22 22/22 construction method, all disagreements at
100(85-100)  100(85-100) 100 (85-100)  100(85-100)  100(85-100) ¢he jower dose levels for either reconstruc-
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tion method were within 1 rank of ventricular size compared with the
reference standard.

The sensitivity for the identification of moderate to severe
hydrocephalus was 100% for all 3 readers across all radiation
dose levels and reconstruction methods (3 of 3; 95% confi-
dence interval 29%-100%). The accuracy for the identification
of moderate or severe hydrocephalus is shown in Ta-
ble 2 and ranged from 95% to 100% for reader 1, from 91% to
95% for reader 2, and 100% for reader 3.

Radiologists reported their diagnostic confidence on a 5-point
scale (Table 3). For all 3 readers, the diagnostic confidence was
very high (mean rank = 4.88) on the original dose scan and
similar for the 25% dose scans, regardless of reconstruction
method (P > .3 except for Reader 2’s 25% dose + filtered back-
projection, where P = .02). For 1 reader, diagnostic confidence
was significantly lower at the 10% dose level, and was worse for
the reconstruction kernel without iterative reconstruction (mean
confidence rank = 1.18 and 1.09, respectively, for the J30 and H30
kernel). At the 10% dose level, diagnostic confidence was signifi-
cantly degraded for the filtered back-projection (P < .003 for all

Table 3: Diagnostic confidence per reader for evaluation of
ventricular size

100% Dose 25% Dose 10% Dose
J30 J30 H30 J30 H30
Reader1 50*+00 50*x00 50*02 47*+05 46*05
Reader2 50+02 48+05 46+06 39*+09 33+12
Reader3 50+00 50*x00 50*00 49*05 47*06

Note:—5-point scale: 1indicates nondiagnostic, cannot identify or rule out ventric-
ular enlargement and shunt tube tip location; 2, will potentially miss mild ventricular
enlargement and shunt tube tip location; 3, will probably not miss ventricular enlarge-
ment and shunt tube tip location; 4, most likely will identify all abnormalities with
respect to ventricular enlargement and shunt tube tip; 5, can detect ventricular
enlargement and shunt tube tip without diagnostic compromise.

Table 4: Overall image quality per reader using the 5-point scale
described above

100% Dose 25% Dose 10% Dose
J30 J30 H30 J30 H30
Reader1 49+04 41+04 38*05 35+05 32*+04
Reader2 3.8 =*11 23+07 16*+x06 12x05 11*x03
Reader3 41+07 35*+06 34+06 22+05 18*+04

readers), but this difference was small in magnitude for 2 of 3
readers who had mean confidence scores of 4.6 and 4.7. With
iterative reconstruction, 1 reader no longer had significantly
lower confidence scores at the 10% dose level (P = .16), but find-
ings were unchanged for the other 2 (P < .005).

Table 4 reports the overall perceived image quality by each
reader across dose levels and reconstruction methods. As ex-
pected, each reader perceived significantly degraded image qual-
ity and more noise artifacts at the lower dose levels, regardless of
reconstruction method (P < .002 for all comparisons). At the 25%
dose level, 2 of 3 readers rated image quality as significantly better
with iterative reconstruction compared with filtered back-projection
(P =.02, P=.001). At the 10% dose level, only 1 reader rated itera-
tive reconstruction significantly better (P = .013).

Although the study and examination was not designed to identify
intracranial hemorrhage, there were 3 cases by reference standard,
with 2 of 3 readers identifying it at all doses (Fig 4). There were 7 cases
with intracranial shunts with shunt tip locations correctly identified
by all 3 readers.

DISCUSSION

Pediatric patients with CSF shunts are often repeatedly scanned to
evaluate for shunt malfunction. Most of these repeat scans are
evaluating ventricular morphology, most specifically ventricular
size stability, shunt location, and in some cases CSF shunt com-
plications. In our study, we simulated doses that were 25% and
10% of the original dose. We showed that simulated reduction to
10% of the standard dose was diagnostically acceptable. In this
blinded study, neuroradiologists were able to accurately detect
moderate to severe hydrocephalus across all dose levels and re-
construction kernels without compromising diagnostic perfor-
mance. As expected, the overall image quality decreased at lower
doses; however, this did not compromise the diagnostic accuracy
for this specific indication. The resultant volume CT dose index
was reduced from 21.6 to 2.2 mGy. The corresponding estimated
effective dose was reduced from 1.8 to roughly 0.18 mSv, which is
negligible relative to the annual background radiation in the
United States from naturally occurring sources (mean, 3.0 mSv;
range, 1-10 mSv).

FIG 4. Although the study was not designed to identify intracranial hemorrhage, it could be occasionally identified. Images from an actual
subject in our study showing intracranial hemorrhage (arrow) at the full, 25%, and 10% dose using sinogram-affirmed iterative reconstruction. As
subtle hemorrhage may not be identified at lower doses, the technique should not be used in cases where identification of hemorrhage is

suspected or critical.
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Using validated, reduced dose compared with standard simula-
tion techniques,'* our study demonstrated that a 90% reduction in
dose relative to a routine head CT examination was clinically accept-
able for the evaluation of ventricular size. In addition, iterative recon-
struction is not required to keep observer performance high at the
lower doses, so our results can be easily translated across a broad
range of CT scanner models of various makes and models.

All 7 cases of intracranial shunts were accurately identi-
fied by all readers. This 100% accuracy in identifying shunt posi-
tion is far more favorable than the literature available for rapid-
sequence MR imaging where it is reportedly lower. In 2 studies,
from 42%"' to 60%" of reviews for catheter positions were
graded as nondiagnostic or poor in at least 1 sequence. O’Neill et
al'! found that insufficient shunt-catheter visualization was espe-
cially associated with small ventricles when using half-Fourier ac-
quisition single-shot turbo rapid-sequence MR imaging.

Based on this evaluation study, we have already implemented
a reduced-dose technique in our practice for pediatric patients
with shunts since March 2013. A quality reference mAs of 25 was
used instead of the original 220 quality reference mAs. Image
quality continues to be deemed sufficient for the diagnostic task of
evaluating potential shunt malfunction.

There were several limitations to our study. This was a pilot
retrospective review, and our study was underpowered to per-
form noninferiority testing. We consequently reported and com-
pared ratios and 95% confidence intervals for accuracy of ventric-
ular size rank. Because of obvious differences in technique (Fig 1),
blinded readers were likely able to distinguish the original-dose
studies from the reconstructed lower-dose studies at 25% and
10% of the original dose. This could have resulted in bias during
subjective image quality evaluation, despite being blinded to tech-
nical data. In addition, the design of our questionnaire may have
prompted the blinded radiologists to look closer for shunt tube
tips and intracranial hemorrhage more than they otherwise would
have without prompting.

CONCLUSIONS

The accuracy of detection of moderate and severe hydrocephalus
was maintained across all dose levels and reconstruction methods.
As expected, diagnostic confidence was generally maintained,
with image quality decreased at lower dose levels.

CT images at 10%-25% of the dose level of routine head CT
examinations provide acceptable image quality to address the specific
clinical task of evaluating ventricular size. Extremely low-dose CT
examinations for the evaluation of ventricular size and shunt mal-
function are a reasonable alternative to emergent MR imaging and
avoid the increased cost, workflow inefficiencies, frequent need for
sedation, and safety concerns associated with MR imaging. The
promising results of this study have already resulted in implementa-
tion of this very low-dose head CT protocol at our institution.
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ORIGINAL RESEARCH
PATIENT SAFETY

Radiation Dose Reduction in CT-Guided Spine Biopsies Does
Not Reduce Diagnostic Yield

K.A. Shpilberg, B.N. Delman, L.N. Tanenbaum, S.J. Esses, R. Subramaniam, and A.H. Doshi

ABSTRACT

BACKGROUND AND PURPOSE: CT-guided biopsy is the most commonly used method to obtain tissue for diagnosis in suspected cases
of malignancy involving the spine. The purpose of this study was to demonstrate that a low-dose CT-guided spine biopsy protocol is as
effective in tissue sampling as a regular-dose protocol, without adversely affecting procedural time or complication rates.

MATERIALS AND METHODS: We retrospectively reviewed all patients who underwent CT-guided spine procedures at our institution
between May 2010 and October 2013. Biopsy duration, total number of scans, total volume CT dose index, total dose-length product, and
diagnostic tissue yield of low-dose and regular-dose groups were compared.

RESULTS: Sixty-four patients were included, of whom 31underwent low-dose and 33 regular-dose spine biopsies. There was a statistically
significant difference in total volume CT dose index and total dose-length product between the low-dose and regular-dose groups (P <
.0001). There was no significant difference in the total number of scans obtained (P = .3385), duration of procedure (P = .149), or diagnostic
tissue yield (P = .6017).

CONCLUSIONS: Use of a low-dose CT-guided spine biopsy protocol is a practical alternative to regular-dose approaches, maintaining
overall quality and efficiency at reduced ionizing radiation dose.

ABBREVIATIONS: CTDIvol = volume CT dose index; DLP = dose-length product; kVp = peak kilovoltage; mGy = milligray

maging-guided biopsy is a commonly used method to obtain a
tissue diagnosis in suspected cases of malignancy. In particular,
CT guidance is often used for precise localization of a lesion be-
fore and during biopsy. It provides the operator with great ana-
tomic detail for biopsy planning and execution and allows for
confirmation of needle placement into the area of concern. CT
guidance is the preferred method of biopsy for osseous lesions
within the vertebrae."™ Even though CT guidance has become
increasingly used for various procedures, there is concern over the
amount of radiation exposure to the patient.>®
Radiation dose reduction is commonly used in routine diag-
nostic CT scanning. Pediatric patients and patients who receive
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multiple scans for acute disease follow-up, chronic conditions,
and screening purposes often undergo CT with modified scan-
ning protocols to reduce dose.”'* This type of protocol modifi-
cation has also been used in CT-guided interventions to limit
radiation dose when performing multiple scans during the proce-
dure.®'>'® Given the increased desire to reduce radiation dose to
patients, we transitioned our protocols for CT-guided spine biop-
sies to use a lower dose.

The purpose of this study was to demonstrate that a low-dose
protocol for CT-guided spine biopsies is as effective in tissue
sampling without an increase in procedural time or an increase in
complication rates compared with our legacy higher-dose
approaches.

MATERIALS AND METHODS
After obtaining Institutional Review Board approval, we retro-
spectively reviewed all patients who underwent CT-guided spine
procedures at our institution between May 2010 and October
2013. The total number of charts reviewed was 132.

Patients who underwent disk space aspirations and biopsies
for suspected diskitis/osteomyelitis were excluded because of lim-
ited availability of surgical pathology data as most specimens were
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FIG1. A, Axial CT performed with the regular-dose technique (kVp 120, mAs 250) demonstrates
a biopsy needle within a lytic lesion in L3 vertebral body. B, Axial CT performed with the
low-dose technique (kVp 80, mAs 60) demonstrates a biopsy needle within a lytic lesion in L2
vertebral body. Both the lesion and the biopsy needle including its tip are sufficiently

conspicuous.

only submitted for microbiology analysis. CT-guided pain man-
agement procedures such as facet cyst ruptures and epidural in-
jections were also excluded. Patients for whom dose reports were
not available in our institution’s PACS were excluded.

Ultimately, 64 patients were included in this analysis. Two
lesions were biopsied in 2 patients and 1 lesion in the remaining 62
patients, yielding a total of 66 lesions. All the biopsies were per-
formed by 1 Certificate of Added Qualification—certified neuro-
radiologist (A.H.D.) with 6 years of experience. The low-dose
protocol was initiated in February 2012 and has been almost ex-
clusively used since November 2012.

Procedure

All CT-guided spine biopsies were performed on a 4-channel CT
scanner (Volume Zoom; Siemens, Erlangen, Germany) or 8-sec-
tion CT scanner (LightSpeed Ultra; GE Healthcare, Milwaukee,
Wisconsin) in helical mode based on availability. The 8-section
scanner was used to guide 50 biopsies (78.1%) and 4-section scan-
ner for the remaining 14 biopsies (21.9%). CT fluoroscopy was
not available. Patients all followed a standard course for these
biopsies. Each was positioned prone for the procedures. Vital
signs were monitored. Mild to moderate conscious sedation was
used in 60 patients (93.8%), monitored anesthesia care in 2 pa-
tients (3.1%), and local anesthetic only in 2 patients (3.1%). A
Fast Find Grid (Webb Manufacturing, Philadelphia, Pennsylva-
nia) was placed over the general biopsy site for localization. In
each patient, 1 preprocedure CT scan was obtained using a regu-
lar-dose protocol (120 peak kilovoltage [kVp]) and 200 mAs) for
planning. Skin was prepped and draped in normal sterile fashion.
One percent lidocaine was infiltrated into tissues for local and
deep anesthesia. An 11-, 12-, or 13-gauge bone biopsy needle set
(Osteo-Site; Cook, Bloomington, Indiana, or Bonopty; AprioMed,
Londonderry, New Hampshire) was advanced into the lesion

2244 Shpilberg  Dec 2014  www.ajnr.org

with CT images obtained after each nee-
dle advancement. Once the needle was
confirmed within the lesion, CT scans
were performed after each biopsy pass. In
each patient, 1 final postbiopsy scan was
obtained after the needle was removed us-
ing regular-dose parameters to assess for
postprocedural complications. Patients
were then transferred to a recovery area to
be monitored before discharge or return
to their hospital room.

Data Collection and Scanning
Parameters

Data from PACS and dose reports were
collected, including age, sex, location, and
characteristics of lesion biopsied, kVp,
mAs, pitch, volume CT dose index
(CTDIvol) per series (milligray [mGy]),
CTDlIvol total (mGy), scan range (mm),
dose-length product (DLP) per series
(mGy-cm), total DLP (mGy*cm), number
of biopsy-guiding scans, number of pre-
and postbiopsy diagnostic scans, number
of needle passes, total number of scans,
duration of each biopsy (defined as time from the first prebiopsy
scan to last postbiopsy scan), and complications. Pathology re-
sults were obtained for each patient from electronic medical
records.

Low-dose biopsies were defined as those with a kVp of 80 and
mAs of 40—60. Regular-dose biopsies were defined as those with a
kVp of 120 and mAs >200. Scans performed at kVp and mAs
parameters outside the above-mentioned criteria of low-dose or
regular-dose biopsies were classified based on average CTDIvol
(CTDIvol <10 mGy for low dose; CTDIvol >10 mGy for regular
dose) as previously described by Kropil et al.'® They defined low-
dose CTs as having a CT dose index <10 mGy. For example, 2
patients whose biopsies were started as low-dose protocol were
switched to regular-dose protocol at the operator’s discretion be-
cause of insufficient conspicuity of subtle lesions and were classi-
fied as “regular-dose” because the average CTDIvol was 17.1 mGy
in one and 20.3 mGy in the other. Figure 1 demonstrates repre-
sentative images from regular-dose and low-dose CT-guided
spine biopsies.

Diagnostic tissue yield was classified as “positive for malig-

» <«

nancy,” “specific benign diagnosis,” and “negative for malignancy
without a specific benign diagnosis.” Lesions were classified as
Iytic, sclerotic, or mixed. The location of lesions was recorded as
cervical, thoracic, lumbar, or sacral.

Age, biopsy duration, total number of scans (including prebi-
opsy and postbiopsy scans), total CTDIvol (including that used
for prebiopsy and postbiopsy scans), and total DLP (including
that used for prebiopsy and postbiopsy scans) of low-dose and
regular-dose groups were compared using an unpaired t test
(GraphPad Prism software; GraphPad Software, San Diego, Cal-
ifornia). Diagnostic tissue yield and the distribution of lesions by
type and location of low-dose and regular-dose biopsies were



compared using Fisher exact test (GraphPad Software). P value <
.05 was considered statistically significant.

RESULTS

Of the 64 patients who underwent CT-guided spine biopsies from
2010 to 2013, 29 patients (45.3%) underwent the procedure using
alow-dose protocol and 35 patients (54.7%) using a regular-dose
protocol. Table 1 demonstrates the mean and ranges for age,
number of scans, duration of procedure, total CTDIvol, and total
DLP for low-dose protocol; Table 2 denotes the same for regular-
dose protocol.

Demographics

There was no significant difference between the 2 groups in pa-
tient age (63.86 * 13.67 years for low dose versus 59.49 * 14.6

Table 1: Low-dose biopsy group results

Mean =+ Standard

Range Deviation
Age (years) 29-87 63.86 £ 13.67
Total number of scans 5-22 11.38 + 4.354
Duration (minutes) 19-76 34311219
Total CTDIvol (mGy) 29.98-147.9 69.47 £ 2476
Total DLP (mGy-cm) 239.3-1206 601.5 *+ 237.7

Table 2: Regular dose biopsy group results

Mean = Standard

Range Deviation
Age (years) 24-86 59.49 +14.6
Total number of scans 6-29 1246 * 4.527
Duration (minutes) 21-58 3817 £8.92
Total CTDIvol (mGy) 98.77-761.9 2852 + 1326
Total DLP (mGy-cm) 523.6-3062 1541 * 648.1

FIG 2. Graphs of means with standard deviations comparing radiation dose (total CTDIvol and
DLP), total number of scans, and biopsy duration between low-dose and regular-dose groups.

years for regular dose; P = .2239) or in sex distribution (14 of 29
or 48.3% women for low dose versus 19 of 35 or 54.3% women for
regular dose; P = .802).

Dose and Scanning Time

There was a statistically significant difference between low-dose
and regular-dose groups in total CTDIvol (69.47 = 24.76 mGy for
low dose versus 285.2 = 132.6 mGy for regular dose; P < .0001)
and total DLP (601.5 * 237.7 mGy-cm for low dose versus 1541 *
648.1 mGy-cm for regular dose; P < .0001) (Fig 2).

There was no significant difference in total number of scans
obtained (11.38 * 4.354 for low dose versus 12.46 *= 4.527 for
regular dose; P = .3385) and duration of procedure (34.31 *
12.19 minutes for low dose versus 38.17 £ 8.92 minutes for reg-
ular dose; P = .149) between the 2 groups (Fig 2).

Several outliers were noted, falling greater or less than 2 stan-
dard deviations from the mean. One patient in the low-dose
group who had 2 lesions (one mixed and one sclerotic) biopsied
had significantly more scans, longer duration of the procedure
and higher total DLP than average. Two patients in the regular-
dose group had significantly more scans than average (25 and 29)
because of difficulty in accessibility of small vertebral body le-
sions, which resulted in significantly higher than average total
CTDIvol (761.86 mGy) in one and total DLP (3062.46 mGy-cm)
in the other.

Biopsy Results

There was no significant difference between the 2 groups in the
proportion of cases positive for malignancy (20 of 29 or 69.0% for
low dose versus 21 of 35 or 60% for regular-dose; P = .6017),
those with a specific benign diagnosis (2 0of 29 or 6.9% for low dose
versus 6 of 35 or 17.1% for regular dose; P = .2754), and those
whose pathology was negative for malig-
nancy without a specific benign diagnosis
(7 of 29 or 24.1% for low dose versus 8 of
35 or 22.9% for regular dose; P = 1.00).

Of'the 66 lesions that were biopsied, 39
(59.1%) were lytic, 15 (22.7%) were scle-
rotic, and 12 (18.2%) were mixed. There
was no statistically significant difference
in lesion type between the low-dose and
regular-dose groups (P values ranging
from .1174 to .7694).

Most of the lesions that underwent bi-
opsy were located within the lumbar spine
(29 of 66; 44%). This was followed by the
thoracic spine (28 of 66; 42.4%), sacrum
(7 of 66; 10.6%) and cervical spine (2 of
66; 3%). There was no statistically signif-
icant difference in the location of lesions
between the low-dose and regular-dose
groups (P values ranging from .4334 to
1.00).

There were sufficient specimens for
diagnosis in all patients in both biopsy
groups. Overall, there was only 1 minor
complication characterized by bleeding
from the cannula, which was successfully
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treated with Gelfoam (Pfizer, New York, New York), in a low-
dose group patient whose biopsy yielded metastatic renal cell car-
cinoma. No major complications were reported.

DISCUSSION

Imaging guidance for biopsy is a commonly used procedure in
patients with imaging findings concerning for malignancy. In
particular, CT guidance has been used for biopsy of a variety of
sites within the body.'*®!'>1%202% Thjs is largely attributed to an
improved ability of the operator to identify the lesion and plan a
trajectory for biopsy. CT-guided biopsy has been shown to be an
effective tool in identifying pathology with relatively low risk and
cost compared with open biopsy.***** However, a frequently
cited concern with CT scanning is the potential consequences of
ionizing radiation, and there is much emphasis on limiting radi-
ation to as low as reasonably achievable to obtain the necessary
results whenever possible.®**

Previous studies have demonstrated the utility of a low-dose
CT technique for a variety of interventional procedures. Meng et
al'® performed biopsies of lung lesions at lower doses and found
that a reduction in the measure of radiation dose, CT dose index,
and DLP were possible without sacrificing diagnostic yield. Smith
et al® were able to reduce the radiation dose to the chest during
CT-guided percutaneous lung biopsies by greater than 95% (from
DLP of 677.5 mGy-cm to 18.3 mGy-cm) without decreasing tech-
nical success or patient safety. Pediatric CT-guided bone biopsies
have been performed using lower mAs and kVp techniques pro-
ducing acceptable image quality and providing similar diagnostic
yield compared with standard techniques.'® A low-dose CT pro-
tocol has also been used in spinal pain interventions. One study
found that a change in CT parameters to lower radiation dose
resulted in an 86% reduction in total DLP (from 1458 mGy-cm to
199 mGycm) for CT-guided spine injection procedures for
pain.'” Artner et al'® demonstrated that the dose related to CT-
guided sacroiliac joint injections can be significantly reduced to
levels of pulsed fluoroscopy without compromising needle place-
ment into the joint.

In this study, we found a significantly reduced radiation dose
as expressed by CTDIvol and DLP in patients undergoing CT-
guided spine biopsies using a low-dose protocol compared with a
regular-dose protocol. There was no significant difference in the
total number of biopsy scans, procedure time, or in the diagnostic
yield between the groups. To our knowledge, this is the first study
demonstrating a significantly reduced patient exposure to ioniz-
ing radiation during CT-guided spine biopsies without sacrificing
the quality, efficiency, and diagnostic yield of the procedure.

Although there was a significantly lower radiation exposure in
the low-dose biopsy group compared with the regular-dose
group, we predict that a DLP might be lowered even further by
reducing tube voltage (mAs) and/or current (kVp), increasing the
pitch and decreasing the scan range in the z-axis.>***>* Intermit-
tent axial scanning mode rather than helical mode and the use of
a stationary CT table may further contribute to radiation dose
reduction.***°

A substantial proportion of radiation exposure comes from
pre- and postbiopsy scans because they are designed to optimize
soft tissue visualization for needle guidance and to exclude post-

2246 Shpilberg  Dec 2014  www.ajnr.org

biopsy traumatic sequelae. In fact, 1 study showed that up to 90%
of the total patient dose during biopsies was administered during
the helical planning stage.*® Therefore, prebiopsy diagnostic im-
aging should be carefully reviewed beforehand to determine
whether repeat conventional dose scanning may be avoided dur-
ing the procedure.’! If a prebiopsy scan is necessary, a grid can be
placed over the spinal level of interest before the first series of
scans based on known anatomic landmarks.”" Chintapalli et al®'
suggest that in low-risk CT-guided interventions, which may in-
clude some spine biopsies, regular-dose postbiopsy scans can be
eliminated at the discretion of the radiologist. A low-dose proto-
col, as well as techniques to further reduce dose, should be famil-
iar to the radiologist performing the procedures and technologist
acquiring the images.”"

Newer techniques have recently emerged to address image
quality when reducing CT dose. These include iterative recon-
struction models such as adaptive statistical iterative reconstruc-
tion and model-based iterative reconstruction.””'*****° Although
these imaging algorithms provide an additional method for dose
reduction in CT-guided procedures, their availability is currently
limited to newer CT scanners for routine diagnostic CT imaging.
The greater availability of the iterative reconstruction software
over time may allow for increased operator comfort when evalu-
ating low-dose images during CT-guided procedures, potentially
further reducing the radiation dose.

This retrospective study did have some limitations. It was not
randomized, and a single operator performed most of the CT-
guided spine biopsies. Therefore, the reproducibility of the results
using the low-dose protocol cannot be fully assessed in this study.
In addition, it would be difficult to determine whether increasing
comfort with the procedure may have contributed to a slightly
greater efficiency of the procedure using a low-dose protocol. The
retrospective nature of this study also limits assessment of factors
related to operator scanning protocol adjustments in challenging
biopsy cases.

CONCLUSIONS

Radiation exposure to patients undergoing CT-guided spinal bi-
opsies can be optimized to reduce the overall dose during the
examination. Low-dose CT-guided spine biopsies have a signifi-
cantly lower total cumulative radiation exposure compared with
regular-dose CT biopsies without significantly affecting proce-
dural time or diagnostic tissue yield. A simple dose-reduction
protocol can use reduction in mAs and kVp during the procedure.
A number of additional modifications to image acquisitions can
be made to reduce the dose. Our data show that a low-dose pro-
tocol should be considered as an alternative to regular-dose pro-
tocol when performing CT-guided spinal biopsies, allowing the
operator to reduce ionizing radiation dose while maintaining
overall quality and efficiency of the procedure.
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ORIGINAL RESEARCH
PRACTICE PERSPECTIVES

Physician Self-Referral and Imaging Use Appropriateness:
Negative Cervical Spine MRI Frequency as an

Assessment Metric

T.J. Amrhein, B.E. Paxton, M.P. Lungren, N.T. Befera, H.R. Collins, C. Yurko, ).D. Eastwood, and RK. Kilani

ABSTRACT

k|

BACKGROUND AND PURPOSE: Imaging self-referral is increasingly cited as a contributor to diagnostic imaging overuse. The purpose of
this study was to determine whether ownership of MR imaging equipment by ordering physicians influences the frequency of negative
cervical spine MR imaging findings.

MATERIALS AND METHODS: A retrospective review was performed of 500 consecutive cervical spine MRIs ordered by 2 separate
referring-physician groups serving the same geographic community. The first group owned the scanners used and received technical fees
for their use, while the second group did not. Final reports were reviewed, and for each group, the percentage of negative study findings
and the frequency of abnormalities were calculated. The number of concomitant shoulder MRIs was recorded.

RESULTS: Five hundred MRIs meeting inclusion criteria were reviewed (250 with financial interest, 250 with no financial interest). Three
hundred fifty-two had negative findings (190 with financial interest, 162 with no financial interest); there were 17.3% more scans with
negative findings in the financial interest group (P = .006). Among scans with positive findings, there was no significant difference in the
mean number of lesions per scan, controlled for age (1.90 with financial interest, 2.19 with no financial interest; P = .23). Patients in the
financial interest group were more likely to undergo concomitant shoulder MR imaging (24 with financial interest, 11 with no financial
interest; P = .02).

CONCLUSIONS: Cervical spine MRIs referred by physicians with a financial interest in the imaging equipment used were significantly more
likely to have negative findings. There was otherwise a highly similar distribution and severity of disease between the 2 patient samples.

Patients in the financial interest group were more likely to undergo concomitant shoulder MR imaging.

ABBREVIATIONS: FI = financial interest; NFI = no financial interest; OEDS = order entry decision support

nited States health care expenditures grew 3.9% in 2011,
U reaching $2.7 trillion or an estimated 17.9% of the gross do-
mestic product.’ Health care spending is projected to continue to
grow in 2012 and 2013 at 4.2% and 3.8%, respectively.” Diagnos-
tic imaging costs remain a large component of annual health care
expenditures and have, therefore, been targeted in an effort to
contain costs. While the proportion of growth in health care ex-
penditures attributable to diagnostic imaging use has decreased
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considerably in recent years, medical imaging use among nonra-
diologist physicians continues to increase at a growth rate twice
that of radiologists and remains a significant contributor to higher
imaging use and cost.’

Imaging self-referral is defined as physicians referring their
own patients for imaging to facilities in which they or their part-
ners have financial interests.*® In 1991, Medicare fraud-and-
abuse legislation was passed in an effort to curb the rising tide of
medical imaging self-referral. Commonly referred to as the “Stark
II law” after the primary author Representative Fortney “Pete”
Stark (Democrat, California), the legislation bans physician refer-
rals to entities in which they have a financial relationship.” How-
ever, the inclusion of an in-office ancillary services exception (cre-
ated with patient convenience in mind) permits physicians to
both order and provide advanced imaging services for patients in
their office. As a result, despite the presence of the Stark law,
physician self-referral of medical imaging has continued to grow
substantially.®



Critics of the practice of self-referral have asserted that it leads
to overuse of diagnostic imaging and is, therefore, an important
contributor to rising health care costs. In support of this argu-
ment, several previously published studies have demonstrated
that the practice of imaging self-referral is increasing, that physi-
cians who own diagnostic imaging equipment are more likely to
refer their patients for imaging at facilities in which they have a
financial interest, and that self-referral by nonradiologist physi-
cians leads to higher overall imaging use.””'® However, despite the
growing body of literature documenting these findings, the con-
clusion that self-referral leads to inappropriate medical imaging
use, or overuse, remains a topic of debate. This is, in part, second-
ary to the inherent challenges researchers face in demonstrating
the similarity between 2 compared groups of patients, particularly
with regard to rates and severity of disease, insurance status, and
clearly discerning the financial arrangements of imaging equip-
ment ownership.

Criticisms of prior studies linking imaging self-referral to
overuse have focused on their inadequate consideration of use
appropriateness. Determining the appropriateness of medical im-
aging use is a complex and challenging task confounded by mul-
tiple factors, including patient population (payer and insurance
status and regional geographic differences), clinical setting (hos-
pital versus outpatient practice), disease prevalence (young versus
elderly), referral biases (eg, specialist versus primary care), diag-
nostic interpretation inhomogeneity (discordant “grading” of le-
sions) and terminology, or skill differences among interpreting
radiologists. In many scenarios, these factors become uncontrol-
lable variables that complicate attempts to compare the appropri-
ateness of referrals for medical imaging between groups of physi-
cians, including between groups with and without financial
relationships to the medical imaging equipment. Prior effort has
evaluated differences in the volume of patients referred for med-
ical imaging between the 2 groups based on International Classi-
fication of Diseases-9 diagnosis codes and use per patient encoun-
ter. This approach has flaws because both the proportion of
examinations with normal findings and the differences in preva-
lence and severity of disease between the 2 compared groups are
not evaluated. Without this additional information, comparisons
of relative use may be feasible, but not the appropriateness of
imaging use.

Comparing the proportion of imaging examinations with neg-
ative findings, after controlling for potential confounding vari-
ables, would allow an accurate assessment of the differences in
imaging referral patterns between the 2 physician groups (finan-
cially incentivized and nonfinancially incentivized). This would
not only validate previously published studies on imaging appro-
priateness but also add to the existing body of literature address-
ing the issue of self-referral. Furthermore, an analysis of the prev-
alence and severity of imaging-confirmed pathology between
these groups may serve as a surrogate for disease prevalence and
overall severity within the 2 different patient populations, because
groups with equal disease prevalence and severity should manifest
an equivalent number of positive imaging findings.

The purpose of this study was to determine whether owner-
ship of MR imaging equipment by an ordering physician group
affects the use of cervical spine MR imaging. This was accom-

plished by comparing the likelihood of negative cervical spine MR
imaging findings and the cervical spine MR imaging pathology
rates between the 2 groups. We wished to test the null hypothesis
that no such difference exists and that usage patterns are the same.
This was accomplished via evaluation of 2 subordinate hypothe-
ses: 1) There is no difference in the rate of examinations with
negative findings between self-referred and non-self-referred MR
imaging examinations, and 2) among examinations with positive
findings, there are no differences in the prevalence of individual
pathology subtypes between the 2 groups. We considered that no
difference in the first would indicate that no excess ordering of
examinations occurred in either group and that no difference in
the second would mean that the 2 patient groups were highly
similar with regard to the rate and type of pathology.

MATERIALS AND METHODS

This retrospective Health Insurance Portability and Accountabil-
ity Act—compliant study was approved by the institutional review
board of the appropriate medical center, and a waiver of informed
consent was granted. Chronologically consecutive cervical spine
MR imaging reports were reviewed from February to September
0f 2009 in 1 academic musculoskeletal imaging practice, consist-
ing of 5 attending radiologists. Each interpreting radiologist was a
subspecialty-trained musculoskeletal imager, with a mean of 14
years (range, 5-23 years) of experience exclusively in musculo-
skeletal radiology. MR imaging examinations that met the inclu-
sion criteria were analyzed from each of 2 groups in tandem so
that each cohort would, by design, have the same number of stud-
ies. The first group was ordered by orthopedists who had imaging
performed on MR imaging equipment owned by that same ortho-
pedic group (financial interest [FI]). The second group of scans
was ordered by a different group of orthopedists in the same com-
munity who did not own or have other financial interest in the
MR imaging equipment used (no financial interest [NFI]). The
physical locations of the referring physician group outpatient
clinical practices were recorded. The residency training institu-
tion and years in practice of the referring physicians were also
recorded for each group. The source of the data base, all physician
groups, and identifying details including locations are purposely
kept anonymous.

All cervical spine MR imaging examinations from both refer-
ring physician groups (FI and NFI) were performed at 1.5T field
strength using identical protocols and were interpreted by the
same subspecialty musculoskeletal radiology practice. The inter-
preting radiology practice had no financial interest in the imaging
equipment used for either patient group. Patients with prior cer-
vical spine surgery or prior cervical spine MR imaging examina-
tions were excluded to help eliminate the potential confounding
effects of prior surgery and postoperative changes and to control
for any differences in the follow-up practice patterns between the
2 groups. Inclusion criteria were first-time cervical spine MR im-
aging examinations performed as an outpatient. Final reports
were reviewed and examinations with the following findings were
considered positive: “moderate-to-severe” or “severe” spinal ca-
nal stenosis, moderate-to-severe or severe neuroforaminal nar-
rowing, moderate-to-severe or severe facet degenerative changes,
moderate-to-severe or severe disk herniation contacting the cord,
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Distribution of sex

Sex Financial Interest No Financial Interest
Female 162 146
Male 88 104
Total 250 250

and osseous abnormalities (the most common being fracture).
These findings were chosen because they represent significant pa-
thology that is more likely to be an etiology of neck pain for which
treatment may be considered. The number of disk interspace lev-
els exhibiting =1 of the above findings was recorded. Patient age
and sex were recorded, as was the acquisition of concomitant
shoulder MR imaging examinations.

The percentage of scans with negative findings was tabulated
for each group. Because it was possible for scans with positive
findings to contain multiple lesions and that each of these lesions
could represent an etiology for neck pain or radicular symptoms,
the total number of lesions per scan was calculated for each of the
examinations with positive findings in each group.

Statistical Analysis

Using a significance threshold of & = .05, 2-tailed, we performed
a power analysis that showed that we would have >90% power to
detect a difference in rates of scans with negative findings of 50%
(n = 250) and 35% (n = 250) in conditions comparing financial
interest with no financial interest.

In 2-sample comparisons when covarying for age was not
needed, x* tests were used for the binomial variables; Fisher exact
tests, for comparisons with fewer than 5 observations in a cell; and
t tests, for the continuous variables. Logistic regression was used
to predict negative scan outcomes by using age as a covariate.
ANCOVA was used to identify mean differences in characteristics
of scans with positive findings with age as a covariate. x> and  test
P values reported in this article are 2-tailed, and statistical signif-
icance was considered at a threshold of P < .05. All statistical
analyses were conducted by using SPSS 21 and 22 (IBM, Armonk,
New York).

RESULTS

Five hundred examinations (250 in the FI group and 250 in the
NFI group) that met the inclusion criteria during the study period
were evaluated. There was no statistically significant difference in
the distribution of sex between the 2 groups (P = .14) (Table).
There was a statistically significant difference in mean patient age
between the 2 groups, 48.4 years (range, 13—78 years) for FI and
54.3 years (range, 15—86 years) for NFI (P < .001). Given this
difference and the known propensity for increased frequency and
severity of degenerative changes with increased age, ANCOVA
subanalyses were conducted by using age as a covariate.

Negative Examination Findings

Among the 500 examinations, 352 had negative findings (190 in
FI and 162 in NFI). There were 17.3% more scans with negative
findings in the FI group, a difference that was statistically signifi-
cant (P = .006) (Fig 1).
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FIG 1. Negative cervical spine MR imaging rates (with 95% Cls). There
was a 17.3% increase in the negative examination rate in the FI group
(P = .006).

Positive Examination Findings

Among examinations with positive findings, there was no statis-
tically significant difference in the mean number of lesions per
scan between the NFI (n = 2.19) and FI (n = 1.90) groups (P =
.23) or in the mean number of positive levels per scan between the
2 groups (NFI = 1.59, FI = 1.56, P = .80), adjusted for age. If one
compared the frequencies of the evaluated abnormality subtypes,
there was no significant difference in the mean number of neuro-
foraminal stenoses (NFI = 1.09, FI = 0.87; P = .32), disk abnor-
malities (NFI = 0.75, FI = 0.81; P = .68), or facet degenerative
changes (NFI = 0.26, FI = 0.23; P = .81) per scan, adjusted for
age. The number of examinations containing descriptors of canal
stenosis was too small for meaningful analysis (NFI = 5, FI = 1).

Concurrent Shoulder MR Imaging

Patients in the FI group were significantly more likely to undergo
concurrent shoulder MR imaging while undergoing cervical spine
MR imaging than those in the NFI group: 24 and 11, respectively
(P = .02) (Fig 2). Among patients undergoing concomitant
shoulder MRI, there was a proportionally greater number of pa-
tients with cervical spine MRIs with normal findings in the FI
group (23 of 24, 95.8%) in comparison with the NFI group (8 of
11,72.7%) (P = .08). A greater percentage of concurrent shoulder
MRIs obtained in the FI group had negative findings (FI: 8 of 24,
33.3%; NFI: 1 of 11, 9.1%) (P = .22). When patients underwent
concurrent shoulder and cervical spine MR imaging and the cer-
vical spine MR imaging findings were negative, all of the NFI
group shoulder scans had positive findings (8 of 8), while only 14
of the 23 FI cases had positive findings (P = .003).

Referring Physician Characteristics

Most orthopedic clinics for the FI and NFI groups were within
close geographic proximity to each other, because all were located
within the same 50-mile radius. Nearly equal percentages of the
referring clinicians from each group (54% FI, 53% NFI) trained at
a single common orthopedic residency program (P = 1.0). Both
groups had similar proportions of physicians with subspecialty or
fellowship training (P = .076), and both were similar in size. Fi-



FIG 2. The number of concurrent shoulder MR imaging scans ob-
tained. Patients in the FI group were significantly more likely to un-
dergo concurrent shoulder MR imaging (P = .02).

nally, there were comparable mean years of practice between both
groups (14.2 years for NFI, 14.1 years for FI; P = .526).

DISCUSSION

The purpose of this study was to evaluate the differences in the use
of cervical spine MR imaging between 2 groups of physicians, 1
with a financial interest in the imaging equipment used and 1
without. Our results demonstrate a 17.3% increased negative ex-
amination rate among patients referred by the physician group
with a financial interest in the imaging equipment used (P =
.006). Therefore, we reject the null hypothesis number 1. This
suggests that there may be a reduced threshold for obtaining cer-
vical spine MR imaging in the presence of a financial incentive,
whether conscious or unconscious.

A wealth of literature exists on the topic of physician imaging
self-referral. Many of these prior studies have attempted to com-
pare use between 2 physician groups based on Medicare billing
data.'®2° Criticism of this method has often centered on an in-
ability to adequately assess the appropriateness of imaging use and
on the failure of the method to account for the many complexities
driving use, such as differences in disease severity between patient
groups. Indeed, accurately evaluating the relationship between
imaging self-referral and financial incentive is extremely challeng-
ing and would require consideration of a multitude of factors
including patient populations, referral biases (specialist versus
primary care), clinical setting (outpatient versus hospital), disease
prevalence, variations in diagnostic standards (discordant “grad-
ing” of severity), differences in imaging protocols and equipment,
and differences in terminology used by interpreting radiologists.

Our study used a recently developed method to examine im-
aging self-referral that is focused on use appropriateness rather
than a simple count of use per patient. Rather than reviewing
billing data or imaging indications, we analyzed the final diagno-
ses on imaging examinations, thereby helping to control for dif-
ferences in the severity of disease between different referring phy-
sician groups (FI and NFI). This method for comparing patient
cohort similarity was used in several prior publications.*' * Fur-

thermore, a single small academic radiology group interpreted all
examinations from both referring physician groups; this helps to
control for radiologist interreader variation. Additionally, be-
cause this radiology group did not own any of the imaging equip-
ment, there was no confounding financial interest.

We found no statistically significant difference in the average
number of abnormalities per study with positive findings or in the
number of positive levels per scan between the NFI and FI groups.
Additionally, there was no significant difference in the rates of
neuroforaminal stenosis, disk bulge, or facet degenerative change.
This similarity in the abnormality rate per positive scan confirms
the null hypothesis number 2 and suggests that the 2 patient
groups had a comparable prevalence of pathology. Assuming that
abnormalities found on studies with positive findings act as sur-
rogates for the disease prevalence within both patient popula-
tions, the 2 groups appear to significantly differ only in their rates
of cervical spine MR imaging studies with negative findings. We
suspect that the divergent negative examination rate may reflect
differences in decision-making in patients presenting with cervi-
calgia, particularly in regard to the threshold for acquiring
imaging.

It is of particular interest that the FI group patients were more
likely to receive concomitant shoulder MR imaging (P = .02).
Because it is often challenging to differentiate between a cervico-
genic and rotator cuff etiology for upper extremity pain, this clin-
ical challenge was likely present in both patient populations.®* If
patients in the FI group had a larger prevalence of shoulder pa-
thology than the NFI group, this might lead to an increased rate of
positive concomitant shoulder MR imaging findings. However,
this was not the case. In fact, patients in the FI group were more
likely to have normal findings on shoulder MRI (33.3% for FI
versus 9.1% for NFI, P = .22). Furthermore, comparing the sub-
groups of patients that underwent both cervical spine and shoul-
der MR imaging revealed that FI patients were also more likely to
have negative cervical spine MR imaging findings. Finally, 9 pa-
tients in the FI group had negative findings on both examinations
versus no patients in the NFI group. These findings, while some-
what limited by the small sample size, demonstrate increased use
of concomitant shoulder MR imaging in the FI group and suggest
atrend toward considerably increased negative examination rates
in keeping with the cervical spine MR imaging data.

There were several limitations to this investigation. First, the
inherent complexities of both cervicalgia and cervical spine de-
generative changes make it difficult to define a “true-positive”
examination. This challenge is pervasive throughout daily clinical
practice. For instance, confirming a causal relationship between
suspected imaging findings and a patient’s pain often requires
feedback in the form of targeted treatment. While even “mild”
degenerative changes can be symptomatic, an objective demarca-
tion for positive examination findings was a prerequisite to inves-
tigation. It is possible that establishing a different threshold for
positive examination findings or considering alternative pathol-
ogies could have led to different results. However, we chose to
define severe degenerative change as positive because these find-
ings are more likely to be causes of pain that are clinically impor-
tant and result in therapy, such as steroid injections or surgery. A
second limitation is the relatively limited number of concurrent
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shoulder MR imaging examinations, hindering the ability to
achieve statistical significance in the analysis of components of
this subset of our data. Additionally, we did not compare insur-
ance status, ethnicity, or socioeconomic status between the 2
groups because these data were not available for review. Finally,
there was a statistically significant difference in age between the 2
groups (54.3 for NFI, 48.4 for FI). This required the use of
ANCOVA with age as a covariate to account for the known in-
creased prevalence of spine degenerative changes with advanced
age.

Despite these limitations, this study clearly demonstrates an
increased negative examination rate in the physician group that
collected technical fees for the imaging equipment used. We be-
lieve that this apparent bias, whether conscious or unconscious, is
an important consideration when health care costs, more specif-
ically medical imaging costs, are analyzed. An excessive negative
scan rate on the order of 15%—-20% is a considerable financial
burden when extrapolated nationally. To date, the across-the-
board cuts to imaging reimbursements have done nothing to ad-
dress this bias and have, instead, placed future access to advanced
imaging in jeopardy. Similar findings have previously been re-
ported in the lumbar spine, shoulder, and knee.?'** These find-
ings require validation across other geographic regions and med-
ical practices.

The observed bias toward increased use of cervical spine MR
imaging does not, by itself, prove intended overuse for profit. It is
possible that other factors are at play influencing 1 physician
group to image more frequently. Such considerations might in-
clude an imaging-intensive practice pattern less reliant on physi-
cal examination findings, perhaps secondary to differences in
training. Similarly, one might purport that younger physicians
may be more familiar with the use of MR imaging in diagnostic
evaluations because it was part of their training, while more senior
physicians may be more comfortable with alternative diagnostic
methodologies (physical examination, myelography). Many of
these physician-related considerations may not be significant fac-
tors in this study because the 2 groups were highly similar in terms
of mean years of practice and number of trained subspecialists
and had nearly equal percentages of physicians who trained at the
same residency program.

Physician order entry decision support (OEDS) software
has been proposed as a mechanism for decreasing the inci-
dence of unnecessary imaging examinations. OEDS has proved
success and could potentially reduce the rate of negative exam-
ination findings in both referral groups by providing recom-
mendations according to the American College of Radiology
appropriateness criteria for cervical spine MR imaging.*’
However, in most cases, OEDS software does not include “hard
stops” but rather allows referring physicians to override rec-
ommendations. Therefore, the FI and NFI groups would be
able to continue to order examinations as they think appropri-
ate. Furthermore, if practice patterns for either group involve
order placement by clinic office staff, the appropriateness rec-
ommendations may be blindly overridden to follow attending
physician requests.® For these reasons, it is difficult to discern
how the addition of OEDS would influence the ordering prac-
tice patterns of our referral groups.
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CONCLUSIONS

This study demonstrates a significantly increased negative cervical
spine MR imaging rate in patients referred by physicians with a
financial interest in the imaging equipment used in comparison
with those patients referred by physicians without such an inter-
est. This increased negative examination rate occurred despite
similar referring physician characteristics, patient demographics,
and cervical spine pathology burden. Further study is warranted
among a larger sample of physician practices and in different geo-
graphic regions to ascertain the extent of the issue and to further
investigate the utility of comparing pathology frequencies be-
tween practices as a metric for imaging use appropriateness.
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GENETICS VIGNETTE

Genetics of Amyotrophic Lateral Sclerosis

). Gorodenker and L.M. Levy

ABBREVIATIONS: ALS = amyotrophic lateral sclerosis; UMN = upper motor neuron; LMN = lower motor neuron; fALS = familial amyotrophic lateral sclerosis;

sALS = sporadic amyotrophic lateral sclerosis

myotrophic lateral sclerosis (ALS) reflects a heterogeneous

group of neurodegenerative disorders unified by loss of mo-
tor neurons in the primary motor cortex, brain stem, and spinal
cord, resulting in progressive muscle weakness. Typical ALS (rep-
resenting 80% of cases) is a limb-predominant disease character-
ized by a combination of upper motor neuron (UMN) and lower
motor neuron (LMN) symptoms predominantly affecting the ex-
tremities. ALS may also present in a bulbar form (20%), with early
symptoms involving muscles innervated by the lower brain stem,
affecting articulation, chewing, and swallowing. While the disease
may chronically persist in such form, it usually progresses to the
generalized muscle weakness of typical ALS."?

Patients with ALS are more often male and typically present in
late middle age. ALS is often rapidly progressive, and most pa-
tients die within 3-5 years of onset; however considerable vari-
ability exists. ALS is divided into sporadic and familial forms and
may be classified by body region of onset, relative mix of UMN
and LMN involvement, and rate of progression. Many well-char-
acterized genetic variants exist, and subtypes can vary signifi-
cantly in usual presentation, including age of onset, rate of pro-
gression, and degree of cognitive impairment.'?

The overall incidence of the disease is approximately 1-2 cases
per 100,000 individuals per year, and the prevalence is 4—6 cases
per 100,000 worldwide. ALS is diagnosed clinically by El Escorial
(World Federation of Neurology) Criteria, with neuroimaging
and neurophysiologic studies predominantly used to exclude
other diagnostic entities.*> Management is largely supportive;
however, delay in progression and ventilator dependence has
been achieved in selected patients by use of riluzole, an indirect
glutamate receptor antagonist and selective blocker of TTX-sen-
sitive sodium channels.'
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The phenotypic heterogeneity of ALS presents several difficul-
ties; the diagnosis of ALS is made on clinical grounds and is fun-
damentally uncertain, ranging from “suspected” to “possible,” to
“probable” to “definite.” There currently is no stated role for neu-
roimaging to support the diagnosis of ALS; however, diagnosis
requires absence of neuroimaging evidence of other disease pro-
cesses that may explain the observed clinical and electrophysio-
logical signs.*?

Absence of a sensitive and specific test for ALS often results in
significant delay of diagnosis, which ranges from 13-18 months
from onset of the disease or longer in patients who present with
isolated LMN signs.® Furthermore, delayed diagnosis restricts the
inclusion of patients in clinical trials and limits early initiation of
potential neuroprotective treatments. The variability of ALS pro-
gression also limits assessment of potential treatment effects.

TDP-43 is an emergent diagnostic marker of ALS. The presence
of TDP-43—positive inclusions in degenerating motor neurons ap-
pears to be a specific (>95%) albeit modestly sensitive (<60%) di-
agnostic feature of ALS; however, this biomarker remains inves-
tigational. The pathologic significance of TDP-43 aggregates is
unknown and may reflect misfolding or altered trafficking.®

WHAT IS THE PATHOPHYSIOLOGY OF ALS?

The underlying pathophysiology of ALS is not well understood.
Extensive research has outlined several plausible molecular path-
ways that may contribute to motor neuron degeneration in ALS.
These pathways, which continue to be actively investigated, in-
clude the roles of oxidative stress and glutamate excitotoxicity,
abnormal neurofilament function, protein misfolding, impair-
ment of RNA processing, defects in axonal transport, changes in
endosomal trafficking, and mitochondrial dysfunction.” Re-
cently, forms of ALS and frontotemporal dementia have been
found to share common molecular pathophysiology, a prionlike
self-propagating dysregulation in RNA processing, and protein
homeostasis.” This highlights the interplay of genetic and envi-
ronmental interaction in disease initiation and propagation.



WHAT ARE THE GENETICS OF ALS?

Most (90%) of ALS cases are sporadic (sALS), with unknown
genetic linkage. The remaining 10% of cases are familial (fALS),
and at least 15 genes have been identified that are implicated in
approximately one-third of fALS cases."” These may be inherited
in an autosomal dominant, autosomal recessive, or X-linked pat-
tern.' These genes include SOD-1 (20% of fALS cases), COORF72
(30% of fALS cases), TARDBP, FUS, Alsin, FIG-4, SIGMAR]I, and
UBQLN?2. Each gene is associated with a well-characterized pat-
tern of disease, for example, an Alsin mutation is associated with a
slowly progressive disease, with predominantly UMN signs,
whereas a mutation in FIG-4, which encodes phosphoinositide-
5-phosphatase, is associated with a rapidly progressive disease
with prominent corticospinal tract signs. An autosomal recessive
mutation in SIGMARI is associated with a juvenile-onset typical
ALS as well as frontotemporal dementia."

In contrast, the genetic underpinnings of most SALS cases are
unknown, though some of the above genes noted for fALS includ-
ing SOD1, FUS, C9ORF72, and several others, have been linked to
SALS cases as well. These genes may be affected by abnormal copy
number, single nucleotide polymorphisms, polyglutamine re-
peats, and deletion or insertion mutations. Examples include
polyglutamine repeats in ATXN2, which codes for Ataxin-2 pro-
tein (locus 12q24.12), and SNP associations in APEXI, which
codes for Apurinic Endonuclease DNA repair enzyme 1 (locus
14q11.2), a protein that protects cells from the effects of oxidative
stress."”

WHAT IS THE ROLE OF CONVENTIONAL
NEUROIMAGING IN ALS?

Conventional anatomic imaging of the brain and spinal cord is
helpful in excluding diseases that may mimic the UMN and LMN
signs of ALS. Specifically (per the revised criteria of the World
Federation of Neurology Research Group on Motor Neuron Dis-
eases), conventional imaging may be useful in “clinically proba-
ble” or “possible ALS.” Notably, conventional MR imaging is not
required in cases of “clinically definite” disease with a bulbar or a
pseudobulbar onset.*>

Differential pathology that may be uncovered includes lesions
of multiple sclerosis and cerebrovascular disease, masses, spondy-
lotic or other forms of myelopathy, or radiculopathy.”

In patients with ALS, signal intensity changes on proton atten-
uation, T2-weighted, and FLAIR sequences may be seen anywhere
along the cerebrospinal tract, from the centrum semiovale to the
brain stem.>” Typical changes in the brain are often best appre-
ciated on coronal imaging and appear as areas of bilateral sym-
metric increased signal intensity.® The frequency of cerebro-
spinal tract lesions in patients with ALS ranges widely across
studies (from 15-76%), with combination imaging approach-
ing a sensitivity above 60%.® Symmetric T2 signal intensity
changes have also been described in the anterior temporal sub-
cortical white matter in patients with ALS and dementia.?
These lesions correspond to loss of myelin, white matter de-
generation, and gliosis.

Other findings noted in patients with ALS include lower
whole-brain volume as compared with healthy control subjects,
though global brain atrophy is relatively mild and nonspecific,

and a characteristic T2 dark rim that is probably related to iron
deposition in the precentral cortex (reflecting death of Betz cells)
may be present; however, this, too, may be seen in healthy control
subjects.>® T2 and T1 hyperintensities of the anterolateral col-
umns of the cervical cord have been described in ALS and may
have higher specificity than signal intensity changes on brain MR
images. Moreover, such changes have been associated with a
younger age at onset and a rapid disease progression.” However,
signal changes frequently do not correspond with clinical findings
and are overall nonspecific; cerebrospinal tract hyperintensities
have been described in healthy subjects and in patients with var-
ious other diseases.”

Given the overall limitations, the traditional role of conven-
tional structural imaging is to support electrophysiologic studies
and exclude alternate diagnoses.>*

IS THERE A ROLE FOR ADVANCED NEUROIMAGING
TECHNIQUES IN ALS?

Advanced neuroimaging techniques, which elaborate on micro-
structure (structural MRI and DTI), metabolism (hydrogen spec-
troscopy MR and PET), and neural network integrity (resting-
state functional connectivity MRI) have been useful in elucidating
the pathophysiology of ALS. These may play a future clinical role
but for now remain largely investigational.”

High-resolution structural MR imaging allows for detailed
analysis of focal atrophy and regional gray-white matter differ-
ences and may be combined with computer-aided segmentation,
voxel-based morphometry, and surface-based morphometry.>**

Current DTI techniques, which evaluate the integrity of white
matter tracts, have overall low sensitivity (0.65) and specificity
(0.67), and are at present unsuitable for clinical application in the
diagnosis of ALS.” Hydrogen spectroscopy MR metrics, which
allow for ratio and absolute quantification of metabolites, dem-
onstrate changes across motor neuron diseases; typically de-
creased NAA, decreased glutamate, and increased choline. These
metrics correlate with measures of disease severity and UMN
function but are generally nonspecific.> Resting-state functional
connectivity MRI and PET studies have demonstrated y-Ami-
nobutyric acid system dysfunction in ALS, suggesting a patho-
physiologic process possibly mediated by glutamate excitotoxic-
ity.” Of note, advanced machine learning tools have been shown
to achieve promising (>70%) accuracy for disease state classifi-
cation by use of these techniques in combination.'°
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Subcortical Atrophy Is Associated with Cognitive Impairment
in Mild Parkinson Disease: A Combined Investigation of
Volumetric Changes, Cortical Thickness, and

Vertex-Based Shape Analysis

E. Mak, N. Bergsland, M.G. Dwyer, R. Zivadinov, and N. Kandiah
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ABSTRACT

BACKGROUND AND PURPOSE: The involvement of subcortical deep gray matter and cortical thinning associated with mild Parkinson
disease remains poorly understood. We assessed cortical thickness and subcortical volumes in patients with Parkinson disease without
dementia and evaluated their associations with cognitive dysfunction.

MATERIALS AND METHODS: The study included 90 patients with mild Parkinson disease without dementia. Neuropsychological assessments
classified the sample into patients with mild cognitive impairment (n = 25) and patients without cognitive impairment (n = 65). Volumetric data
for subcortical structures were obtained by using the FMRIB Integrated Registration and Segmentation Tool while whole-brain, gray and white
matter volumes were estimated by using Structural Image Evaluation, with Normalization of Atrophy. Vertex-based shape analyses were
performed to investigate shape differences in subcortical structures. Vertex-wise group differences in cortical thickness were also assessed.
Volumetric comparisons between Parkinson disease with mild cognitive impairment and Parkinson disease with no cognitive impairment were
performed by using ANCOVA. Associations of subcortical structures with both cognitive function and disease severity were assessed by using

linear regression models.

RESULTS: Compared with Parkinson disease with no cognitive impairment, Parkinson disease with mild cognitive impairment demon-
strated reduced volumes of the thalamus (P = .03) and the nucleus accumbens (P = .04). Significant associations were found for the nucleus
accumbens and putamen with performances on the attention/working memory domains (P < .05) and nucleus accumbens and language
domains (P = .04). The 2 groups did not differ in measures of subcortical shape or in cortical thickness.

CONCLUSIONS: Patients with Parkinson disease with mild cognitive impairment demonstrated reduced subcortical volumes, which were associated
with cognitive deficits. The thalamus, nucleus accumbens, and putamen may serve as potential biomarkers for Parkinson disease—mild cognitive
impairment.

ABBREVIATIONS: MCI = mild cognitive impairment; MDS = Movement Disorder Society; PD = Parkinson disease; PD-MCIl = Parkinson disease with mild cognitive
impairment; PD-NCI = Parkinson disease with no cognitive impairment; SDGM = subcortical deep gray matter; SIENAX = Structural Image Evaluation, with Normalization of Atrophy

P arkinson disease (PD) has traditionally been considered a mo-
tor disorder. However, the presence of cognitive dysfunction
is increasingly recognized and known to occur even at early stages,
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and most patients develop dementia during the course of the dis-
ease. Recently, it has emerged that patients with PD show a wide
and variable spectrum of cognitive deficits involving multiple do-
mains such as executive function, attention, memory, visuospa-
tial, and, less frequently, language."> While traditionally believed
to occur only in advanced stages of PD, recent studies suggest that
approximately 30%-35% of patients with early PD experience
cognitive disturbances,”* which have been defined as mild cogni-
tive impairment (MCI).” The Movement Disorder Society (MDS)
Task Force reported a mean prevalence of Parkinson disease with
mild cognitive impairment (PD-MCI) at 27%, ranging from 19%
to 38%.° Furthermore, the impact of MCI and dementia in pa-
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E Indicates article with supplemental on-line table.
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tients with PD at any given stage of the disease is substantial, with
adverse consequences for functioning,” psychiatric morbidity,
caregiver burden,® and mortality.” At present, there is much to be
elucidated with regard to the etiology of cognitive impairment in
PD.

Initially, dementia in PD was described as subcortical. Cogni-
tive dysfunction in patients without dementia has also been at-
tributed to dopaminergic depletion disrupting the frontostriatal
circuit'® or dopamine-acetylcholine synaptic imbalance.'' Nev-
ertheless, recent investigations by using structural MR imaging
suggest that specific cognitive deficits, such as memory deficits,
and dementia in PD may also be accompanied by structural cere-
bral abnormalities. In this regard, MR imaging studies have dem-
onstrated cortical atrophy in patients with PD with dementia. A
recent meta-analysis revealed regional gray matter reductions of
the medial temporal lobe and the basal ganglia,'* while other ar-

* and amygdala,'?

eas, including the caudate,"® hippocampus,’
have also been implicated. However, present findings on GM at-
rophy in patients without dementia with PD are inconclusive.
While a few studies have demonstrated atrophy in the medial
temporal lobes,'® amygdala,'” and frontal and parietal regions,'®
others have reported no significant GM reductions in PD popu-
lations without dementia.'®

In addition, cortical thinning in PD represents a relatively new
area of research, and it has been reported to be more sensitive than
voxel-based morphometry.*® Recent studies have shown that cor-
tical thinning occurs in PD without dementia.>! A longitudinal
study also reported that patients with early PD presented with a
more aggressive rate of cortical thinning in the frontotemporal
regions compared with healthy controls.*”

These mixed neuroimaging findings could be due, in part, to
cognitively heterogeneous groups of patients, particularly in stud-
ies in which patients with MCI were not distinguished from those
with normal cognition. Therefore, to systematically compare the
pattern of GM atrophy in mild PD and its impact on specific
cognitive domains, we used the recent MDS Task Force criteria to
classify patients with PD with MCI or as cognitively normal (PD-
NCI). We estimated the volumes of the amygdala, hippocampus,
nucleus accumbens, caudate nucleus, putamen, pallidum, and
thalamus in a cohort of patients with PD by using the FMRIB
Integrated Registration and Segmentation Tool (FIRST; http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST).

Furthermore, we assessed differences in subcortical deep gray
matter (SDGM) structures between PD-MCI and PD-NCI and
further examined associations between individual structures and
cognitive performances across multiple domains. Because vertex
analysis directly measures changes in geometry without any
smoothing of the image data, it might have the potential to more
precisely detect regional alterations of the subcortical GM than
the conventional voxel-based morphometry approach.>* There-
fore, we used a vertex-based shape-analysis method to investigate
potential shape differences of SDGM structures between PD-MCI
and PD-NCI. Last, vertex-wise cortical thickness analysis was per-
formed by using FreeSurfer (http://surfer.nmr.mgh.harvard.edu)
to assess and compare patterns of regional cortical alterations be-
tween both PD groups.
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MATERIALS AND METHODS

Subjects

The present study included 90 patients with mild PD (65.08 =
7.71 years of age; disease duration, 5.26 = 3.90 years; and Hoehn
and Yahr stage = 1.88 = 0.39) recruited from August 2011 to
March 2012 from a tertiary neurology center. PD was diagnosed
by neurologists trained in movement disorders according to the
National Institute of Neurologic Disorders and Stroke criteria.>*
Patients with dementia and serious medical and psychiatric co-
morbidities were excluded.

Clinical Assessment

Demographic, clinical, and vascular risk factor data were col-
lected, and a comprehensive clinical assessment was conducted to
ascertain cognitive status and functional ability. The severity and
stage of the patient’s parkinsonism was evaluated by using the
Unified Parkinson’s Disease Rating Scale motor subscore®® and
the modified Hoehn and Yahr stage.>® To standardize data on
medication use, we converted dosages of PD medications to total
daily levodopa-equivalent doses. This calculation was based on
the conversion formulae reported by Tomlinson et al.>” The study
was approved by the centralized institutional review boards of the
participating institutions, and informed consent was obtained
from patients or their legal caregivers.

Neuropsychological Assessment

Cognitive performance was evaluated by trained psychologists by
using a standardized neuropsychological battery. To ensure stan-
dardization and integrity of data, we evaluated patients during
their “on” medication state. Global cognition was evaluated by
using the Mini-Mental State Examination®® and the Montreal
Cognitive Assessment.*® In line with the recommendations of the
MDS Task Forece, specific cognitive domains including memory,
executive function, visuospatial function and language, and at-
tention/working memory were also assessed.”” In this regard, pa-
tients were evaluated with the following subtests from the
Alzheimer Disease Assessment Scale-Cognitive®': Word-List Im-
mediate, Delayed and Recognition Recall for episodic memory;
the Frontal Assessment Battery and the 10-Point Clock Test for
executive function; a figure copy test and test for the number of
errors made on a maze for visuospatial function; a 20-point ob-
ject-naming test and a fruit-naming fluency test for language as-
sessment; and digit span, color trails 2, and a test for time taken on
a maze for attention/working memory.”' > Performances on in-
dividual tasks were transformed into z scores. Subsequently, a
composite summary index for each cognitive domain was derived
from the corresponding averages of the respective individual neu-
ropsychological tests.

MCI Classification

To qualify PD-MCI for MDS level 2 criteria, we analyzed perfor-
mance on the suggested 5 cognitive domains (attention/working
memory, executive, language, episodic memory, and visuospa-
tial). Cutoff scores for the various cognitive tests were based on
locally validated norms when available, and for those without,
international ones were used. The performance on a cognitive test
was considered abnormal if the score was 1.5 SDs below the norm.



Impairment on at least 2 neuropsychological tests, represented by
either 2 tests showing impairment in 1 cognitive domain or 1 test
showing impairment in 2 different cognitive domains, was re-
quired. Patients with PD who did not fulfill the criteria for PD-
MCI or PD-dementia were classified as PD-NCI.

Image Acquisition

All subjects underwent MR imaging on a 3T whole-body system
(Achieva 3.0; Philips Healthcare, Best, the Netherlands). A high-
resolution volumetric 3D T1-weighted magnetization-prepared
rapid acquisition of gradient echo sequence (axial acquisition:
TR, 7.1 ms; TE, 3.3 ms; T, 850 ms; FOV, 240 X 240 mm?; matrix,
256 X 256; section thickness, 1 mm; total, 180 sections; scanning
time, 5 minutes and 13 seconds) and a whole-brain 3D fluid-
attenuated inversion recovery sequence (turbo spin-echo: TR,
8000 ms; TE, 340 ms; T1, 2400 ms; FOV, 240 X 240 mm?; matrix,
256 X 256; section thickness, 1 mm; total, 170 sections; scanning
time, 10:24) were acquired for all patients. Both clinical testing
and MR imaging were performed on the same day for all patients.

FIG1. Representative FIRST segmentation of subcortical structures in patients with PD-MCI (left)

and PD-NCI (right).

Image Analysis
Quantitative image analyses were performed at the Buffalo Neu-
roimaging Analysis Center, Buffalo, New York.

Quantification of GM and WM Volumes. For each subject, we
obtained GM, white matter, and a volumetric scaling factor by
using Structural Image Evaluation, with Normalization of At-
rophy (SIENAX, Version 2.6; FMRIB Software Library,
http://www.fmrib.ox.ac.uk/fsl/).>*

Quantification of Subcortical Deep Gray Matter Volumes. Before we
used the T1-weighted images for subsequent analysis, the analysis
was modified by an in-house-developed in-painting technique to
avoid the impact of WM hyperintensities on GM volume as pre-
viously described.”> WM hyperintensities were outlined on each
axial FLAIR image section by using a reproducible, semiauto-
mated local threshold technique (Jim, Version 5.0; Xinapse Sys-
tems, Northamptonshire, UK). All WM hyperintensity masks
were created by a single rater (E.M.), blinded to clinical charac-
teristics and tests results, with similar reproducibility as previ-
ously reported.*®
Subsequently, FIRST was used to
segment the amygdala, hippocampus,
nucleus accumbens, pallidum, caudate
nucleus, putamen, and thalamus from
the in-painted T1.>* The reproducibility
of FIRST has been previously re-
ported.>” Examples of subcortical seg-
mentation of a subject classified as hav-
ing PD-MCI and of a subject classified as
having PD-NCI are presented in Fig 1.
In subsequent volumetric analyses, the
normalization factor from SIENAX was
included to reduce the effects of interin-
dividual variability due to head size.**

Vertex Analysis for Assessment of SDGM
Shape Alterations. FIRST creates a sur-
face mesh for each subcortical structure

FIG2. Scatterplot showing the associations between the nucleus accumbens and attention and working memory (A) and language domains (B).
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Table 1: Demographic, clinical, and white matter hyperintensity characteristics between
patients with Parkinson disease with and without mild cognitive impairment

scores). Age, sex, and years of educa-

tion were also added as independent

Demographic and Clinical Variables PD-NCI (n=65) PD-MCI(n=25) P Value variables in these models because of
Age (yr) (mean) (SD) 634(7.6) 69.4(6.4) 007 i expected influence on cognitive
Sex (male) (No.) (%) 46 (72.3) 18 (76.0) 723¢ hile the vol . 1
Education (yr) (mean) (SD) 1.0 (3) 93(35) 032d  testscores, while the volumetric scal-
Hoehn and Yahr (mean) (SD) 19(04) 18(0.4) 3579 ing factor was included to control for
Disease duration (yr) (mean) (SD) 5.4(4.3) 5.0(27) 910¢ differences in head size between pa-
UPDRS (mean) (SD) 17.5(7.0) 20.0(84) 167° tients. For all analyses, 2-tailed P val-
Levodopa equivalent dose (mg) (mean) (SD) 557.4 (375.7) 510.2 (299.0) 767° ues were used and P < .05 was consid-
Cardiovascular risk factors (No.) (%) d sienifi '

Diabetes 5(7.8) 8(32.0) 0042< ered significant.

Hypertension 20 (313) 13(52.0) 069° Image-Based Analyses. Statistical maps

?n&%iri::f;dem'a 212 813342) ]2 838; 8_2)]55 were generated by using the Query, De-
e i e e ’ ’ ’ sign, Estimate, Contrast application in

Total WMH volume (mm) (mean) (SD) 42(5.8) 123(10.3) <oore  FreeSurfer. Briefly, Query, Design, Esti-

Note:—UPDRS indicates Unified Parkinson’s Disease Rating Scale, subscore Ill; WMH, white matter hyperintensities.

2 Significant differences at P < .05 level.

® Student t test.

€ X’ test.

9 Mann-Whitney U test.

€ Analysis of covariance test, corrected for age, sex, and education.

by using a deformable mesh model. The mesh is composed of a set
of triangles, and the apex of adjoining triangles is called a vertex.
The number of vertices for each structure is fixed so that cor-
responding vertices can be compared across individuals and
between groups.’® Vertex analysis was performed, and shape al-
terations of SDGM were assessed on a per-vertex basis. Regional
changes in the vertices of SDGM structures between PD-MCI and
PD-NCI were assessed by using a generalized linear model with
age, sex, and education as nuisance covariates. The results were
then corrected for multiple comparisons by using the false discov-
ery rate (P < .05).

Cortical Thickness Analysis. T1 images of the subjects were pro-
cessed with the volume and surface pipeline of FreeSurfer. The
technical details of cortical reconstruction and volumetric seg-
mentation procedures have been described previously.*

Statistical Analysis

General Analyses. Group comparisons of demographics, neuro-
psychological variables, and regional volumetric data were per-
formed by using STATA 12 (StataCorp, College Station, Texas).
The Student ¢ test or the nonparametric Mann-Whitney rank sum
test was used to investigate differences between groups, depend-
ing on the normality of the distributions. The x* test was used for
categoric variables (sex and vascular risk factors). Left and right
volumes of the SDGM structures were highly correlated (data not
shown). Therefore, to minimize the total number of comparisons,
we combined left and right SDGM structures to yield a single
structural volume. Mean regional GM volumetric differences be-
tween PD-MCI and PD-NCI groups were investigated while con-
trolling for age, sex, education, and head size (by using the volu-
metric scaling factor from SIENAX) by ANCOVA.
Subsequently, for each SDGM structure showing a signifi-
cant volumetric difference, a linear regression model was de-
signed to assess associations with different cognitive domains
separately. In addition, we also tested for associations between
the SDGM structures and disease characteristics (disease du-
ration and Unified Parkinson’s Disease Rating Scale motor

2260 Mak Dec 2014 www.ajnr.org

mate, Contrast fits a generalized linear
model at each surface vertex to explain
the data from all subjects in the study. A
surface-based Gaussian smoothing ker-
nel of full width at half maximum of 10
mm was applied to the data before sub-
sequent analyses. Using a generalized linear model, we compared
cortical thickness variations between PD-MCI and PD-NCI, con-
trolling for age, sex, and years of education. Correlations between
regional cortical thickness and disease and cognitive measures
were also modeled. The level of significance was set at P < .05
corrected for multiple comparison by using the false discovery
rate.*°

RESULTS

Subject Demographic and Clinical Characteristics

The group comparisons of demographic and cognitive characteris-
tics of the study cohort are shown in Tables 1 and 2, respectively.
Within the PD group, 25 were classified as having PD-MCI; 65, as
having PD-NCI, and none as having PD-dementia. The PD-MCI
group was significantly older than PD-NCI group, while the PD-NCI
group was more educated. Both groups were comparable in terms of
duration of disease, Unified Parkinson’s Disease Rating Scale motor
scores, and Hoehn and Yahr staging. Comparisons of the various car-
diovascular risk factors demonstrated a significantly higher prevalence of
patients with PD-MCI having diabetes mellitus (P = .004) and hyperlip-
idemia (P = .031), compared with patients with PD-NCI.

Cognitive Performance

Patients with PD-MCI had significantly lower scores on global cog-
nition compared with those with PD-NCI (Mini-Mental State Ex-
amination, P = .016; Montreal Cognitive Assessment, P < .018;
Global Index, P = .008) after correcting for age, sex, and years of
education. Comparisons of individual neuropsychological tests are
shown in Table 2. With the exception of visuospatial ability and epi-
sodic memory domains, the PD-MCI group performed significantly
poorer in executive functioning, attention and working memory,
and language abilities (all, P = .023).

SDGM Comparisons

Group comparisons of mean volumes for all SDGM structures are
shown in Table 3. ANCOVA analyses, controlling for age, sex,
education, and head size revealed significant reductions in vol-
umes of the thalamus (P = .03) and nucleus accumbens (P = .04)
of patients with PD-MCI compared with PD-NCI.



Table 2: Comparison of neuropsychological measures between patients with Parkinson

disease with and without mild cognitive impairment

thickness showed no significant differ-
ences between PD-MCI and PD-NCI in

PD-NCI PD-MCI Adjusted any cortical area
Neuropsychological Measures (Mean) (SD) (Mean) (SD) P Value ’
Global iti SD .
(:A;;SC; gnition (mean) (D) 28.4(1.6) 267(2.6) 162> Association between SDGM
MOCA 27.0 (2‘9) 245 (2.4) 018%P Structures and Cognitive
ADASTI 6.8(42) 9.8(3.5) 071> Impairment
Global Index 0.1(0.5) —0.3(0.3) .008*° B regression coefficients of the correla-
Cognitive tests (mean) (SD) tions between volumes of SDGM struc-
Clock drawing 9.31(1.25) 8.48 (1.47) 126 tures and the main cognitive tests scores
Frontal Assessment Battery 16.69 (1.38) 15.28 (2.09) .027 h in the On-line Table. Th
Digit Span 17.42 (3.50) 15.04 (2.24) 015 are shown n the On-line 1able. The to-
Digit Cancellation 19.86 (6.54) 15.08 (6.45) 063 tal volume of the nucleus accumbens
Color Trail 1 80.48 (37.59) 137.24(82.08) .008 was significantly correlated with a range
Color Trail 2 138.94 (60.75) 229.58(103.31) 002 of cognitive variables, including overall
mzzz errors ]ggg ?003509)) 3822 ?072803)) (9)2; scores of attention/working memory
. . . - . — 2 _ —
ADAS: Immediate and Delayed Recall 5.08 (2.69) 7.04(3.28) 090 (B =028, r" = 0.32, P = .02) and lan-
ADAS: Recognition 1.55(2.22) 2.00 (2.50) 644 guage (8 =0.25,r" = 0.29, P = .04) (Fig
ADAS: Language 115 (1.37) 2.00(1.71) 168 2). Furthermore, there was a trend to-
Fruit Fluency 1411(3.29) 1124 (2.80) 029 ward the associations between nucleus
Cognitive domains (mean) (SD) accumbens and global cognition (B =
Executive function 0.4(1.5) —1.0(2.0) 023*P 0.23. 7 = 0.2292. P = 06) and .
Attention/working memory 0.8(1.7) —-2.0(24) <.000*° e mNLETs F ) and executive
Visuospatial 0.0(1.8) —01(14) 919¢ function (B = 0.23, r* = 0.2575, P =
Episodic memory 0.3(1.6) —0.6(1.5) 193° .06). Putaminal volume was correlated
Language 0.4(14) —10(1.5) 018** with overall scores of attention/working

Note:—MMSE indicates Mini-Mental State Examination; MOCA, Montreal Cognitive Assessment; ADASTI, Alzheimer

Disease Assessment Scale-Cognitive.
2 Significant differences at P < .05 level.
© Analysis of covariance test, corrected for age, sex, and education.

Table 3: Volumetric comparisons between patients with
Parkinson disease with and without mild cognitive impairment

PD-NCI PD-MCI Adjusted

SDGM Structures® (Mean) (SD)  (Mean) (SD) P Value
Amygdala 213(051)  223(036)  .220°
Hippocampus 7.65(097)  718(079)  .198°
Nucleus accumbens 0.83(0.22) 0.64 (0.19) .044°
Caudate nucleus 6.37(076)  596(0.76)  327°
Putamen 951(141)  8.62(117) .058°
Pallidum 372(0.66) 3.60(0.84)  .876°
Thalamus 13.94(165)  1271(109)  .025°

Normalized gray matter  688.76 (34.86) 661.92(28.24)  .035°
Normalized white matter 654.43 (4149) 633.10 (46.04)  .618°

@ All volumes are reported in milliliters. Significant difference is at the P < .05 level.
© Analysis of variance adjusting for age, sex, education, and head size.

Table 4: Mean global and hemispheric cortical thickness between
patients with Parkinson disease with and without mild cognitive
impairment

PD-NCI PD-MCI  Adjusted

Cortical Thickness® (Mean) (SD) (Mean) (SD) P Value
Left hemisphere 220(010) 213(01)  .095°
Right hemisphere 219(010)  213(010)  .264°

Global mean cortical thickness 4.40(0.19) 4.26(0.21)  151°

2 Cortical thickness is expressed in millimeters. Significant difference is at the P < .05
level.
® Analysis of variance adjusting for age, sex, education.

Vertex-Wise Shape Comparisons of SDGM Structures
Vertex analysis did not reveal any significant differences in the
shapes of SDGM structures between PD-MCI and PD-NCI.

Cortical Thickness Comparisons
Global mean and hemispheric cortical thickness values are shown
in Table 4. Vertex-wise group comparisons of regional cortical

memory (B = 0.31, 7 = 0.34, P = .005).
These correlations did not survive cor-
rection for multiple comparisons.

Association between SDGM Structures and Disease
Characteristics

B regression coefficients of the correlations between volumes of
SDGM structures and the indices of disease characteristics (Uni-
fied Parkinson’s Disease Rating Scale and disease duration) are
shown in the On-line Table. Putamen volume was correlated with
the Unified Parkinson’s Disease Rating Scale (8 = —0.33, r* =
0.12, P = .009). This correlation did not survive correction for
multiple comparisons.

DISCUSSION
At present, the pathophysiologic relationship between neurode-
generation processes and cognitive dysfunction in PD remains
unclear, and ongoing investigations to identify structural bio-
markers of cognitive impairment in patients with PD without
dementia have yielded inconclusive results. Varying degrees of
atrophy have been reported in patients with PD without demen-
tia,*1"*> with mixed evidence of an association between atrophy
and neuropsychological measures.** Within a cohort of 90 pa-
tients with mild PD without dementia, we investigated SDGM
volumes and cortical thickness and examined their associations
with cognitive functioning and disease severity. To date, only a
few studies have directly examined the patterns of GM atrophy in
well-delineated cognitive subgroups of PD. PD-MCI exhibited
significantly reduced total volumes in a number of SDGM re-
gions, including the thalamus and nucleus accumbens, and there
was a trend toward the putamen, relative to PD-NCI.

These volumetric reductions suggest that a pattern of subcor-

tical atrophy can be detected at an early stage of cognitive decline
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in mild stages of PD. The finding of thalamic atrophy in PD-MCI
is novel, and warrants further consideration. Traditionally, the
thalamus has been conceptualized as a relay center, involved in
both sensory and motor functions.*® It is increasingly recognized
as an important site for neuropathologic inclusions, including
Lewy bodies in patients with PD. The relationship between tha-
lamic degeneration and cognitive impairment has also been in-
vestigated in previous studies. Volumetricloss in the thalamus has
been proposed as a predictor of dementia,*® while studies have
demonstrated thalamic atrophy in PD with dementia compared
with healthy individuals.'*'® Previous studies have also demon-
strated the relation of thalamic atrophy to cognitive performance
in other neurologic disorders, including Alzheimer disease,*’

8 and multiple sclerosis.** Considered in

Huntington disease,*
light of those findings, the volumetric reduction of the thalamus
observed in our PD-MCI group may reflect an intermediary stage
of cognitive dysfunction. Of note, we did not find any significant
alteration of the shapes of SDGM structures in PD-MCl relative to
PD-NCI. Further studies are needed to examine the clinical sig-
nificance of shape alterations in SDGM structures and their utility
as potential biomarkers of cognitive impairment and dementia in
PD.

Additionally, a number of associations between the nucleus
accumbens and putamen and cognitive test scores were also
found. While the results were controlled for age, sex, years of
education, and head size, they were not corrected for multiple
comparisons. Performance on attention and working memory
was associated with reduced volumes of the nucleus accumbens
and putamen. Additionally, the nucleus accumbens was also sig-
nificantly correlated with performance in the language domain. A
possible explanation for our findings might be offered by previous
evidence linking the nucleus accumbens to memory and learning
processes.”® Furthermore, a previous population-based study
demonstrated that accumbens volume is predictive of cognitive
decline in the elderly.”" At this time, very little is known about the
putaminal role in cognition. Despite the traditional role of the
putamen in motor functions, the finding of an association be-
tween reduced putaminal volumes and cognitive scores on the
attention and working memory domain in the present study is
consistent with a previous report that demonstrated a significa-
tion association between putaminal 6-['*F]-fluoro-L-dopa up-
take and measures for executive functioning, memory, and flu-
ency in a group of 28 patients with PD without dementia.*>

At present, the literature concerning the role of cortical thin-
ning in cognitive deterioration in PD remains inconclusive. We
did not find significant thinning of the cortex in PD-MCI com-
pared with PD-NCI in any region. A previous study found signif-
icant associations between the Mini-Mental State Examination
and cortical thickness in their PD cohort.>® In addition, they
found significant cortical thinning in patients with moderate PD
without dementia compared with healthy controls and in PD with
dementia compared with moderate PD without dementia. Con-
sidered together, the absence of cortical thinning in our PD-MCI
group might be attributed to the finer distinction of cognitive
statuses in our PD cohort.

The strengths of this study include the use of the MDS Task
Force diagnostic criteria and a comprehensive neuropsychologi-
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cal evaluation to characterize PD-MCI. However, we acknowl-
edge the possible involvement of executive functions in the inter-
pretation of the fluency test findings that was used to characterize
language in our cohort. In-painted T1 images also improved the
quality of the subcortical segmentation due to the known effect of
tissue misclassification due to lesion-induced T1 hypointensities
in the WM. Preprocessing of images to correct for such pathology
is now highly recommended.

Our study was limited by the absence of patients with PD with
established dementia and healthy controls for comparison. This
constraint prevented us from exploring the associations between
SDGM volumes and cognitive dysfunction across a broader range
of cognitive stages in PD. As such, these findings need to be con-
firmed in larger prospective studies with an additional group of
well-matched healthy controls. In this regard, a recent study has
also demonstrated subcortical atrophy in PD without dementia
compared with healthy controls, particularly in the putamen, nu-
cleus accumbens, and hippocampus.>* In addition, the present
findings must be interpreted by taking into account the lack of
correction for multiple comparisons and that the sample size be-
tween PD-NCI (n = 65) and PD-MCI (n = 25) was imbalanced.
Thus, to check against a potential violation of the assumption of
equal variances across groups in ANOVA, we performed the Bar-
tlett test to ensure homoscedasticity. Another limitation of the
study could be related to performance of testing during the “on”
medication state. Moreover, we did not have volumetric data on
the substantia nigra, an area with extensive projections to limbic
and cortical regions. In fact, an earlier study found a significant
correlation between the severity of dementia in patients with PD
and neuronal loss in the medial part of the substantia nigra.>
Finally, we aim to extend this study by incorporating a longitudi-
nal design that will allow us to elucidate the trajectory of brain
atrophy in PD-MCI and examine its potential involvement in
progression to PD dementia.

CONCLUSIONS

Due to the growing recognition of PD-MCI as a clinically signif-
icant condition in PD, our findings warrant the continued con-
certed effort to validate biomarkers of neurodegeneration associ-
ated with MCI. The early delineation of PD-MCI from PD-NCI
will help elucidate the processes underlying cognitive decline in
PD, while longitudinal research can investigate the contributions
of SDGM structures to cognitive dysfunction as the disease
progresses.
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Early Reperfusion Rates with IV tPA Are Determined by CTA
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ABSTRACT

BACKGROUND AND PURPOSE: An ability to predict early reperfusion with IV tPA in patients with acute ischemic stroke and intracranial clots
can help clinicians decide if additional intra-arterial therapy is needed or not. We explored the association between novel clot characteristics on
baseline CTA and early reperfusion with IV tPA in patients with acute ischemic stroke by using classification and regression tree analysis.

MATERIALS AND METHODS: Data are from patients with acute ischemic stroke and proximal anterior circulation occlusions from the Calgary
CTA data base (2003-2012) and the Keimyung Stroke Registry (2005-2009). Patients receiving IV tPA followed by intra-arterial therapy were
included. Clot location, length, residual flow within the clot, ratio of contrast Hounsfield units pre- and postclot, and the M1segment origin to the
proximal clot interface distance were assessed on baseline CTA. Early reperfusion (TICI 2a and above) with IV tPA was assessed on the first
angiogram.

RESULTS: Two hundred twenty-eight patients (50.4% men; median age, 69 years; median baseline NIHSS score, 17) fulfilled the inclusion
criteria. Median symptom onset to IV tPA time was 120 minutes (interquartile range = 70 minutes); median IV tPA to first angiography time
was 70.5 minutes (interquartile range = 62 minutes). Patients with residual flow within the clot were 5 times more likely to reperfuse than
those without it. Patients with residual flow and a shorter clot length (<15 mm) were most likely to reperfuse (70.6%). Patients with clots
in the M1 MCA without residual flow reperfused more if clots were distal and had a clot interface ratio in Hounsfield units of <2 (36.8%).
Patients with proximal M1 clots without residual flow reperfused 8% of the time. Carotid-T/-L occlusions rarely reperfused (1.7%). Interrater
reliability for these clot characteristics was good.

CONCLUSIONS: Our study shows that clot characteristics on CTA help physicians estimate a range of early reperfusion rates with IV tPA.

ABBREVIATIONS: CART = classification and regression tree; cirHU = clot interface ratio in Hounsfield units; IA = intra-arterial; IQR = interquartile range; TCD =
transcranial Doppler

Acute ischemic stroke treatment is primarily focused on dis-  niques. Since the approval of IV tPA for thrombolysis, effort has

solving clots within the arterial tree by using thrombolytic ~ been made to identify clot characteristics on imaging that predict
recanalization with IV tPA. The “hyperattenuated” sign on NCCT

is a marker of intracranial clot." Its location (MCA versus Syl-

agents administered intravenously or by endovascular tech-

vian) plays an important role in determining clinical outcome.*®
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NCCT, especially with ultrathin-section nonenhanced CT re-
constructions, correlates with recanalization and good clinical
outcome.”'® Clot characteristics on CTA that predict recana-
lization include location and burden.''”'* Residual flow on
transcranial Doppler (TCD) is an imaging marker of recana-
lizing clot.'*'?

Current evidence supports the role of early reperfusion in im-
proving clinical outcome in patients with acute ischemic
stroke.'®!” If clinicians are able to estimate early reperfusion rates
with IV tPA, they can make decisions favoring rescue intra-arte-
rial (IA) therapy in patients with a low likelihood of early reper-
fusion with IV tPA.
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Table 1: Baseline demographics and CTA clot characteristics stratified by the 2 populations that form part of the overall study

Calgary CTA Data Base Keimyung Stroke
(n=165) Registry (n = 63) P Value

Age (yr) (mean) 66.4 =143 69.5 +9.96 12
Sex (male) (%) 49.1% 53.9% 5
Baseline NIHSS (median) (IQR) 18 (8) 14 (6) .01
Onset to IV tPA time (minutes) (median) (IQR) 12 (73) 125 (57) 18
IV tPA initiation to first angiography run time (minutes) (median) (IQR) 53 (45) 139 (75) .01
Site of occlusion (No.) (%)

Carotid-T/-L 13(8%) 1(1.6%) 09

Tandem occlusions 38 (23%) 23(36.5%)

M1 MCA 86 (52.1%) 31(49.2%)

M2 MCA 28 (17%) 8 (12.7%)
Very early arterial-weighted CTA (preclot HU < 150 and preclot 0(0%) 2(3.2%) .07

HU = HU at the torcula) (No.) (%)
Very late venous phase CTA (preclot HU <150 and preclot HU < HU 1(0.6%) 2(3.2%) 19
at the torcula) (No.) (%)

Residual flow (%) 21.8% 4.8% .01
Clot length (mm) (median) (IQR) 22.3(34.5) 50 (30.6) .01
cirHU (median) (IQR) 1.5(0.85) 2.8(1.5) 01
M1 MCA origin to proximal clot interface distance (mm) (median) 10.6 (7.6) 9.6(1.3) 74

(IQR)

In this study, we report early reperfusion rates with IV tPA
stratified by several clot characteristics measured on CTA. Using
classification and regression tree analysis (CART), we then de-
rived an algorithm to help clinicians estimate early reperfusion
rates with IV tPA in patients with proximal clots.'®

MATERIALS AND METHODS
Data are from patients presenting with acute ischemic stroke and
proximal anterior circulation occlusions from the Calgary CTA
data base (2003-2012) and the Keimyung Stroke Registry (2005—
2009). Details of both registries have been described in previous
publications.’®'? Similarities and differences in baseline charac-
teristics of patients in these registries are described in Table 1.
Data from both registries were combined for the present anal-
ysis to have a sufficient sample size for robust statistical analyses
and to increase the generalizability of results. All patients under-
went an NCCT of the head at admission followed by CTA of the
head and neck. Only patients who received IV tPA followed by a
conventional cerebral angiography (DSA) for IA therapy were
included in our study. Information on demographic and clinical
characteristics was collected at baseline. Stroke severity was as-
sessed by using the NTHSS at baseline, at discharge, and at 90 days.
Functional status was assessed by using the mRS at similar time-
points. Interval times from stroke-symptom onset to presentation
in the emergency department, imaging, thrombolysis, and endo-
vascular procedures were also collected. The local ethics boards
approved both studies.

Image Acquisition and Analysis

Standard nonhelical NCCT scanning was performed on a multi-
section scanner with a 5-mm section thickness. NCCT was fol-
lowed by CTA with a helical scan technique. Coverage was from
the arch to the vertex with continuous axial sections parallel to the
orbitomeatal line of 0.625- to 1.25-mm section thickness. Acqui-
sitions were obtained after a single bolus intravenous contrast
injection of 70—120 mL of nonionic contrast media into an ante-
cubital vein at 3-5 mL/s, autotriggered by the appearance of con-
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trast in a region of interest manually placed in the ascending aorta.
Differences in protocol between the centers included the follow-
ing: 1) the use of a scanner (HD75; GE Healthcare, Milwaukee,
Wisconsin) versus a Somatom Sensation scanner (Siemens, Er-
langen, Germany), and 2) CTA acquisition autotriggered by the
appearance of contrast in the arch of the aorta versus the common
carotid artery. Patients were taken to the angiography suite for
revascularization after receiving IV tPA. The first angiogram of
the ipsilesional arterial tree on DSA was used to identify early
reperfusion with IV tPA. Baseline and follow-up imaging was an-
alyzed at the imaging core lab of the Calgary Stroke Program.
OsiriX, Version 4 (http://www.osirix-viewer.com) was used to re-
construct 2D multiplanar reconstruction images in axial, coronal,
and sagittal planes by using 24-mm-thick slabs. An independent
reader (M.A.) assessed reperfusion on the first DSA run and final
angiography.'”

Clot Characteristics

The following clot characteristics on baseline CTA were studied
while the reader was blinded to conventional angiogram and clin-
ical data.

Clot Location. Clot location was divided into 4 groups: carotid-
T/-L, tandem (cervical ICA and M1 MCA occlusions with a patent
intracranial ICA), M1 MCA, and proximal M2 MCA occlusions.
M1 MCA was defined as a vessel extending from the ICA bifurca-
tion to the origin of the first major branch in the Sylvian sulcus.

Clot Length. Clot length was measured on CTA by using 3-mm
multiplanar reconstructions in the axial plane (Fig 1). Whenever
the proximal or distal end of clot could not be identified, clot
length was imputed to 50 mm. This imputation happened most
frequently with ICA clots in which the proximal end was in the
neck. We chose 50 mm as our imputation value because no clots
that were measurable had lengths of >50 mm. Our use of non-
parametric statistics ensures that this imputation does not affect
results.



Residual Flow within the Clot. Residual flow within the clot has  are hyperattenuated on NCCT could have increased signal atten-

been described in the TCD literature but never before by using  uation on CTA; we found no correlation between the presence of

CTA.""> If we saw clearly visibly increased contrast attenuation  the hyperattenuated sign on NCCT and what we classified as re-

through the clot compared with surrounding brain parenchyma,  sidual flow on CTA source images (Fisher exact test; P value =

it was classified as the presence of residual flow (Fig 2). Clots that ~ .76), thus suggesting that residual flow on CTA is not due to hy-

FIG1. A MIMCA occluded segment (white arrows) with patent proximal M1 MCA on the right
and the contralateral M1 MCA (white arrowheads). B, Clot length (broken white line; segment a)
and distance from M1 MCA origin to proximal clot interface (broken black line; segment b).
Measurement of the contralateral M1 MCA segment is shown for reference (segment c).

perattenuated clots on NCCT. We then
graded residual flow within clot as fol-
lows—grade 0: clot with no contrast per-
meation and attenuation similar to thatin
surrounding brain parenchyma; grade I:
clot appearing denser than surrounding
brain parenchyma, with contrast poten-
tially permeating through the clot; grade
II: hairline or streak of well-defined con-
trast across the partial or complete length
of the clot. Patients with intravascular
nonocclusive thrombus on baseline CTA
were considered as having early reperfu-
sion at baseline and therefore excluded
from analyses.

Clot Interface Ratio in Hounsfield Units. Re-
sidual flow within the clot may not always
be visible to the naked eye due to partial
volume effects on CTA. If, however, con-
trast signals at the proximal and distal clot

FIG 2. Residual flow on baseline CT angiography along with early reperfusion with IV tPA assessed on the first angiogram of the ipsilesional
arterial tree. The top panel shows a patient with a left M1 MCA clot and no residual flow (A, grade 0 residual flow, yellow arrows, density similar
to that of surrounding brain parenchyma). The first angiogram shows no recanalization (B and C). The middle panel shows a left M1MCA clot with
grade Tresidual flow (A, yellow arrows, denser than surrounding brain parenchyma). The first angiogram shows excellent reperfusion (B and C).
The bottom panel shows a left M1 MCA clot with grade 2 residual flow (A, yellow arrows, hairline or streak of well-defined contrast across the

partial or complete length of the clot). The first angiogram shows excellent reperfusion (B and C).

AJNR Am J Neuroradiol 35:2265-72  Dec 2014 www.ajnr.org 2267



FIG 3. Clot interface Hounsfield unit ratio calculated by measuring the Hounsfield units in a
region of interest selected at the proximal and distal clot interface only in scans that are mid- to
late arterial- or appropriate venous-weighted. cirHU is calculated by dividing the proximal clot
interface Hounsfield unit by the distal clot interface Hounsfield unit. In A, a patient with a left M1

Early Reperfusion

All past and current literature reports re-
canalization/reperfusion with IV tPA by
using either TCD Thrombolysis in Brain
Infarction grades or Thrombolysis in
Myocardial Infarction grades.'"'*'> We,
therefore, chose to use TICI 2a/2b/3 on
the first angiogram of the ipsilesional ar-
terial tree on DSA as our primary measure
of reperfusion; this grade is comparable
with Thrombolysis in Myocardial Infarc-
tion 2 and will therefore give readers an
ability to compare the rates we report with
those in previous literature. Nonetheless,
we also reported reperfusion rates mea-
sured as TICI 2b/3 as a secondary out-
come measure and performed sensitivity
analyses with this latter outcome.

Statistical Analyses

Categoric data are reported by using pro-
portions, ordinal data, and continuous
data, with a skewed distribution by using
medians and continuous data with a nor-
mal distribution by using means. Because
the proximal or distal end of the clot was
not identified in some patients, an arbi-
trary value of >50 mm was assigned to
such patients. Our choice of nonparamet-
ric statistics based on ranks for this vari-

MCA clot has a cirHU of 1.05 while in B, a patient with a left M1 MCA clot has a cirHU of 3.21.

interface (in an appropriate venous-weighted scan) are similar,
the similarity is a potential marker of residual flow through the
clot or of good collateral status. If contrast signal at the proximal
end of the clot is high but drops at the distal end, it could mean no
residual flow and/or poor collateral status. The presence of resid-
ual flow and/or good collaterals could be associated with in-
creased reperfusion rates with IV tPA. To test this hypothesis, we
calculated the clot interface ratio in Hounsfield units (cirHU) by
dividing the proximal clot interface Hounsfield units by the distal
clot interface Hounsfield units (Fig 3). CirHU was not calculated
whenever proximal or distal clot interface Hounsfield units could
not be measured. We decided to exclude from analyses CTAs that
were very early arterial weighted (preclot Hounsfield units <150
and greater than Hounsfield units at the torcula) because this
would affect the validity of our assumptions on cirHU being a
marker of residual flow and/or good collaterals.

Distance from the M1 MCA Origin to the Proximal Clot Inter-
face. For M1 MCA occlusions, we studied an additional clot
characteristic by measuring the distance from the M1 MCA origin
to the proximal clot interface.>>*" Distal M1 MCA clots may be
exposed to more shear stress at the proximal clot interface due to
patent flow in the lenticulostriate arteries compared with proxi-
mal clots. Additionally, distal M1 clots are potentially smaller
than proximal clots. Smaller clots with more shear stress at the
clot interface may lyse more with IV tPA.>%?
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able ensured that this imputation did not

affect results. Association between clot
characteristics and early reperfusion (TICI 2a to 3) was studied by
using the Fisher exact test of proportions for categoric data and
the Wilcoxon rank sum test for nonparametric data. In addition,
we did 3 sensitivity analyses: 1) analyses restricted to M1 MCA
occlusions with reperfusion defined as TICI 2a—3; and 2) analyses
of the whole sample with reperfusion defined as TICI 2b/3; and
finally 3) similar analyses restricted to each of the 2 populations
(ie, the Calgary and the Keimyung data) in our sample. A 2-sided
a < .05 was considered statistically significant. These analyses
were performed by using STATA/SE 12.1 software (StataCorp,
College Station, Texas).

We then used a recursive partitioning classification and a re-
gression tree (CART, Fig 4) to model the relationship between
early reperfusion and various clot characteristics. CART is a dis-
tribution-free regression method that builds a tree by recursively
partitioning the data into increasingly homogeneous subgroups
to maximize the explained variance within each subgroup. At
each stage (node), the CART algorithm selects the explanatory
variable and splitting value that gives the best discrimination be-
tween 2 outcome classes. A full CART algorithm adds nodes until
they are homogeneous or contain few observations. Our use of
CART as a model-building strategy helped us explore the rich
nonlinear interactions between various clot characteristics, deter-
mine collinearity, and predict early reperfusion while deriving
estimates of reperfusion.'® Predictor variables included resid-



FIG 4. Tree representation of a recursive partitioning model (CART) predicting early reperfusion with IV tPA. Each subgroup (rectangle) has the
percentage of subjects with early reperfusion (95% confidence interval). The number of subjects reperfused/number of subjects in each
subgroup is italicized below each percentage. In all, 33/192 (17.19%) patients with ICA and M1 MCA clots achieved early reperfusion. Tree end
points are highlighted in red. Splitting criteria and subgroup characteristics are described along each connecting line.

ual flow (grades 1-2 versus 0), clot length (=15 mm versus
>15 mm), cirHU (=2 versus <2), and distance from the M1
MCA origin to the proximal clot interface (=10 mm versus
>10 mm; all patients with ICA occlusions had length imputed
to 0).

We restricted the model to include only patients with ICA,
tandem, and M1 MCA occlusions. This was deliberate because in
this population of patients with proximal occlusions, a decision
analysis model helps clinicians decide if early reperfusion with IV
tPA is so low that rescue IA therapy may be worthwhile. This part
of the analysis was performed by using R statistical computing
software, Version 3.0.1 (http://www.r-project.org). The ANOVA
method was chosen so that the nodes would be reported as the
proportion of recanalization in each subgroup. Early reperfusion
rates, including 95% confidence intervals, were calculated for
each of the nodes after the final model was determined. Two read-
ers (S.M.M. and M.E.) assessed all clot characteristics blinded to
all follow-up data. Interrater reliability for each clot characteristic

and for TICI on the first angiogram of the ipsilesional arterial tree
on DSA is reported in 30 patients by using an unweighted k and
was interpreted as per the Landis and Koch template.

RESULTS

We identified 228 patients (50.4% men; median age, 69 years;
median baseline NIHSS score, 17) who fulfilled the inclusion cri-
teria. Median symptom onset to IV tPA time was 120 minutes
(interquartile range [IQR] = 70 minutes); median IV tPA to first
angiography time was 70.5 minutes (IQR = 62 minutes). Baseline
demographics and clot characteristics by center are described in
Table 1. Early reperfusion rates with IV tPA, final reperfusion
rates after TA therapy, and final clinical outcome are reported in
Fig 5.

Primary Analysis
In analyses defining early reperfusion as TICI 2a/2b/3, median
clot length in the early reperfusers was 19 mm (IQR = 12.9 mm)
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FIG5. Clot location and length on baseline CTA along with early reperfusion (TICI 2a/2b/3) rates with IV tPA, final reperfusion (TICI 2b/3) at end

of the IA procedure, and 90-day clinical outcome (mRS 0-2).

compared with the nonreperfusers (34.9 mm, IQR = 30.7 mm,
P <.001). Residual flow was present in 39/228 (17.1%) patients.
Early reperfusion was seen in 27/189 (14.3%) patients without
any residual flow (grade 0), in 13/30 (43.3%) patients with grade 1
residual flow, and in 7/9 (77.8%) patients with grade 2 residual
flow (P < .001). CirHU could be measured in 165/228 (72.4%)
patients. Median cirHU in the early reperfusers was 1.48 (IQR =
0.64) compared with the nonreperfusers (1.88, IQR = 1.41, P <
.01). In patients with a cirHU < 2, early reperfusion was seen in
37/101 (36.6%) compared with 9/64 (14.1%) with cirHU = 2
(P < .01).

Sensitivity Analyses Restricted to M1 MCA Occlusions

Weidentified 117 patients with M1 MCA occlusion. Residual flow
was present in 28/117 (23.9%) patients. Early reperfusion (TICI
2a/2b/3) was seen in 15/91 (16.5%) patients without any residual
flow at the site of the clot (grade 0), in 10/21 (47.6%) patients with
grade 1 residual flow, and in 3/5 (60%) patients with grade 2
residual flow (P = .002). Median clot length in the early reperfus-
ers was 17.1 mm (IQR = 14.8 mm) compared with the nonrep-
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erfusers (22.7 mm, IQR = 19.3, P = .01). cirHU could be mea-
sured in 116/117 patients. Median cirHU in the early reperfusers
was 1.53 (IQR = 6.5) compared with the nonreperfusers (2.05
mm, IQR = 1.5, P < .01). In patients with a cirHU < 2, early
reperfusion was seen in 23/66 (34.8%) compared with 5/50 (10%)
patients with cirHU = 2 (P = .002). Median M1 origin to proxi-
mal clot interface distance in the early reperfusers was 13.4 mm
(IQR = 10.95 mm) compared with 9.3 mm (IQR = 7.7 mm) in
the nonreperfusers (P = .001). When clots were located >10 mm
from the M1 MCA origin, 20/60 (33.3%) showed early reperfu-
sion compared with 8/57 (14%) in clots that were =10 mm from
the M1 MCA origin (P = .01).

Sensitivity Analyses Defining Early Reperfusion

as TICI 2b/3

Early reperfusion on the first angiography run was seen in 1/61
(1.6%) of “T/L” type occlusions, in 3/14 (21.4%) of tandem oc-
clusions, in 14/117 (12%) of M1 MCA occlusions, and in 5/36
(14%) of M2 MCA occlusions (P = .02). Early reperfusion (TICI
2b/3) was seen in 7/189 (3.7%) patients without any residual flow



Table 2: Interrater reliability of various clot characteristics on
CTA and TICI on first-run angiography (n = 30)

Clot Characteristics Agreement K P Value
Residual flow (grades 0, 1, 2) 86.7% 0.66 <.0001
Clot length (=15 vs >15 mm) 100% 1 <.0001
Distance from M1 MCA origin 100% 1 <.0001

(=10 vs >10 mm)
cirHU =2 vs <2) 90% 078 <.0001
Early reperfusion with IV tPA 100% 1 <.0001
(TICI 2a-3)

at the site of the clot (grade 0), in 11/30 (36.7%) patients with
grade 1 residual flow, and in 5/9 (55.5%) patients with grade 2
residual flow (P < .001). Median clot length in the early reperfus-
ers was 14.6 mm (IQR = 13.8 mm) compared with the nonrep-
erfusers (32 mm, IQR = 30.9 mm, P < .001). In patients with a
cirHU < 2, early reperfusion was seen in 21/101 (20.8%) com-
pared with 1/64 (1.6%) patients with cirHU = 2 (P < .001).

CART Model

When using recursive partitioning (CART) and restricting the
analyses to patients with ICA and M1 occlusions only, residual
flow within the clot (grades 1-2) was the most discriminative
predictor of early reperfusion (TICI 2a-3) followed by clot loca-
tion, length, distance from M1 origin, and cirHU. In patients with
residual flow, 16/34 (47.1%) reperfused compared with 17/158
(10.8%) without residual flow. Among patients with clots having
residual flow, those with a shorter clot length (=15 mm) had a
70.6% rate of early reperfusion compared those with longer clots
(>15 mm) with 23.5% early reperfusion. When residual flow was
absent, 1.7% of patients with a carotid-T/-L occlusion reperfused
early compared with 16.3% of patients with tandem or M1 MCA
clots. Of patients without residual flow with tandem/M1 occlu-
sions, if the distance of the clot from the M1 MCA origin was =10
mm, 8% of patients reperfused early compared with a 25% early
reperfusion rate in patients with clots >10 mm from the M1 MCA
origin. Last, in those patients with clots >10 mm from the M1
MCA origin, early reperfusion was seen in 36.8% of patients with
cirHU < 2 compared with 17.2% in patients with cirHU = 2. The
decision tree derived from recursive portioning along with 95%
confidence intervals around estimates of early reperfusion is
shown in Fig 4.

Finally, in sensitivity analyses restricted to the Calgary and
Keimyung populations, we did not notice any differential effect of
clot characteristics on early reperfusion rates (data not shown).
Interrater reliability for all clot characteristics and for TICI on the
first DSA was substantial (Table 2).

DISCUSSION
In the largest sample to date, we show that clot characteristics on
baseline CTA, includinglocation, length, residual flow, and blood
flow around the clot (cirHU), can be used to estimate early rep-
erfusion rates with IV tPA (Fig 4). We also show the generalizabil-
ity of our results by their applicability in 2 different populations.
Our results will inform trialists and physicians of patients who
could reperfuse early with IV tPA and those who are more likely to
require additional IA therapy to achieve early reperfusion.

Our data show that reperfusion rates with IV tPA are lower

when clots are longer. This effect of clot length on lysis has been
corroborated by previous studies by using other imaging modal-
ities, including NCCT.>? Furthermore, by using CART, we are
able to show that early reperfusion with IV tPA is highest in clots
having residual flow that are, in addition, short. Residual flow
within a clot is associated with less tissue damage in coronary
angiography and higher rates of arterial recanalization in patients
with stroke by using TCD with IV tPA.'*?? Residual flow within
the clot could be a surrogate for intrinsic clot properties (porous
versus impermeable).”>** Our study, for the first time, describes a
potential imaging marker on CTA for residual flow within a clot.
The lack of any significant association between residual flow on
CTA and the hyperattenuated sign on NCCT suggests that resid-
ual flow grade was not influenced by intrinsic clot attenuation in
our study.”**

In vitro studies show that clot lysis increases if more clot sur-
face is exposed to blood.”> Our study uses a novel measure
(cirHU) for the extent of blood flow around the clot. CirHU is a
marker of good collateral flow and/or residual flow through the
clot. It helps in further discrimination of early reperfusion rates
(Fig 4). We also confirm a previously reported association be-
tween early recanalization and the distance of the clot from the
M1 MCA origin.>**!

Our study has limitations. We restricted our analysis of early
reperfusion rates with IV tPA to baseline CTA characteristics.
Nonetheless, no relationship between hyperdense sign on NCCT
and residual flow on CTA in our data attests to the fact that these
imaging modalities measure very different clot qualities. More-
over, detailed analysis of clot characteristics on NCCT requires
thin sections to which we did not have access.” We could not
directly measure residual flow within the clot by using another
imaging technique like TCD because of the retrospective nature of
our study; nonetheless, we show that the imaging marker we pro-
pose for residual flow correlates with early reperfusion rates with
IV tPA, thus providing a measure of construct validity for our
hypothesis. Because we only included patients who were taken to
the angiography suite for IA thrombolysis, a selection bias toward
patients with larger clots and more severe ischemia is possible in
our sample. Finally, our sample includes patients from 2 different
centers, one of which is predominantly East Asian. This latter
population is known to have higher rates of intracranial athero-
sclerosis. Besides, differences in CT scanning equipment and ac-
quisition protocol (autotriggering) between the 2 centers could
explain the differences in some baseline CTA imaging measures
(Table 1). Nonetheless by including data from both centers, we
are able to increase our sample size and the generalizability of our
findings."?

CONCLUSIONS

Our results and the decision analysis (CART) algorithm we de-
scribe in Fig 4 need to be validated in a larger prospective cohort of
patients. Such a predictive model of early reperfusion by using
baseline imaging could help clinical decision-making when ad-
ministering IV tPA and IA therapy in addition to being used in the
targeted design of clinical trials in patients with acute ischemic
stroke.
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Transcranial Sonography of the Substantia Nigra:
Digital Image Analysis

D. Skoloudik, M. Jelinkova, J. Blahuta, P. Cermak, T. Soukup, P. Bartova, K. Langova, and R. Herzig
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ABSTRACT

BACKGROUND AND PURPOSE: Increased echogenicity of the substantia nigra is a typical transcranial sonography finding in Parkinson
disease. Experimental software for digital analysis of the echogenic substantia nigra area has been developed. The aim of this study was to
compare the evaluation of substantia nigra echogenicity by using digital analysis with a manual measurement in patients with Parkinson
disease and healthy volunteers.

MATERIALS AND METHODS: One hundred thirteen healthy volunteers were enrolled in the derivation cohort, and 50 healthy
volunteers and 30 patients with Parkinson disease, in the validation cohort. The substantia nigra was imaged from the right and left
temporal bone window by using transcranial sonography. All subjects were examined twice by using different sonographic machines
by an experienced sonographer. DICOM images of the substantia nigra were encoded; then, digital analysis and manual measure-
ment of the substantia nigra were performed. The 90th percentile of the derivation cohort values was used as a cut-point for the
evaluation of the hyperechogenic substantia nigra in the validation cohort. The Spearman coefficient was used for assessment of the
correlation between both measurements. The Cohen k coefficient was used for the assessment of the correlation between both
measurements and Parkinson disease diagnosis.

RESULTS: The Spearman coefficient between measurements by using different machines was 0.686 for digital analysis and 0.721 for
manual measurement (P < .0001). Hyperechogenic substantia nigra was detected in the same 26 (86.7%) patients with Parkinson
disease by using both measurements. Cohen k coefficients for digital analysis and manual measurement were 0.787 and 0.762,
respectively (P < .0001).

CONCLUSIONS: The present study showed comparable results when measuring the substantia nigra features conventionally and by using
the developed software.

ABBREVIATIONS: ACI = first-order agreement coefficient; | = intensity; PD = Parkinson disease; SN = substantia nigra; Tl = tissue index; TCS = transcranial sonography

arkinson disease (PD) is a progressive neurodegenerative disor-  possible.' This preclinical period may be the most promising time

der. Postmortem and neuroimaging studies showed that PD-  window for successful neuroprotective interventions in PD.?
associated neuronal dysfunction, cell loss, and a-synuclein pathology Increased echogenicity of the substantia nigra (SN) is a typ-
begin years before clinical symptoms appear and clinical diagnosisis ~ ical transcranial sonography (TCS) finding in patients with
PD. Recent studies reported an enlarged hyperechogenic SN in

approximately 90% of patients with PD, by using cutoff values

between 0.20 and 0.25 cm?, depending on the specific sonog-
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raphy system used.®” In contrast, a hyperechogenic enlarged
SN is detectable in only approximately 10% of healthy volun-
teers.® Moreover, this feature is already present in prediagnos-
tic disease stages and persists during the course of PD without
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significant changes.”'® Approximately 60% of healthy volun-
teers with hyperechogenic SN show a decrease in '*F-DOPA
uptake in the striatum,® and hyperechogenic SN is more fre-
quently observed in subjects prone to develop extrapyramidal
symptoms after neuroleptic therapy.''

However, the main limitation of TCS in the evaluation of SN
hyperechogenicity is the dependence of image quality on both the
sonographer’s experience and the quality of the bone win-
dow.'?!* Digital analysis of TCS images of the SN could eliminate
this limitation. We developed an experimental application
B-mode Assist System with a graphic user interface in Matlab
(MathWorks, Natick, Massachusetts), an integrated development
environment with a plug-in Image Processing Toolbox, for digital
analysis of SN echogenicity.">'¢

The aim of the study was to compare the manual measurement
of SN with digital analysis of SN echogenicity by using the devel-
oped software obtained by 2 different sonography machines in
patients with PD and healthy volunteers.

MATERIALS AND METHODS

One hundred nineteen healthy volunteers were examined in the
neurosonologic laboratory during 1 month for the evaluation of
normal values for SN for both manual and automatic measure-
ments of the area: the derivation cohort. Two months later, 52
healthy volunteers and 32 patients with PD were enrolled in the
validation study: the validation cohort. Patients with PD were
diagnosed in accordance with the UK Parkinson’s Disease Society
Brain Bank criteria.'” Subjects who exhibited low quality of the
TCS B-mode (due to an insufficient temporal bone window) as
tested by the developed software were excluded from the
study—6 in the derivation cohort, 2 healthy volunteers, and 2
patients with PD in the validation cohort. The image quality was
evaluated by a developed B-mode Assist System as a part of the
digital analysis of the image. Images with a mean value of
brightness intensity (I) = 25 in all 5 X 5 mm pixels were
considered low-quality. The entire study was conducted in ac-
cordance with the Declaration of Helsinki of 1975 (as revised
in 2004 and 2008). The study was approved by the ethics com-
mittee of the University Hospital Ostrava. All patients pro-
vided written informed consent.

Transcranial Sonography

The substantia nigra was imaged in all subjects from both the right
and left temporal bone windows in the axial mesencephalic plane.
Two examinations of the SN were performed by using 2 different
machines, My Lab Twice (Esaote, Genova, Italy) with a PA 240
phased array (machine 1) and Vivid 7 Pro (GE Healthcare,
Horten, Norway) with a 3S phased array (machine 2) in all sub-
jects during a 2-week period.

The examination was performed through a temporal bone
window with the following parameters: for the My Lab Twice: a
penetration depth of 16 cm; penetration, high; dynamic range, 7
(50 dB); frequency, 1-4 MHz; enhancement, 3; attenuation, 2;
view, 9; persistence, 7; dynamic compression, 0; gain, 36%; gray
map, 0; S view, off; 2 focuses in 5 and 10 cm; mechanical index,
0.9; tissue indices (TIs) 1.0, TIB 1.0, and TIC 2.1; for the Vivid 7
Pro: penetration depth, 15 cm; dynamic range, 51 dB; frequency,
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FIG1. Transcranial sonography: brain stem with the substantia nigra
imaged from a transtemporal approach, axial mesencephalic plane. 1)
middle cerebral artery, 2) perimesencephalic cisterns, 3) substantia
nigra, 4) fourth ventricle, and 5) brain raphe.

1.5-3.6 MHz; persistence, 5.6; frame rate, 24.5/s; filter reject, 2;
gain, —10; gray map, J; 2 focuses in 5 and 10 ¢cm; mechanical
index, 1.2; TIC, 1.4.

The butterfly-shaped structures of the mesencephalic brain
stem and the region of the SN were depicted as clearly as possible
from the transversal plane (Fig 1). The right and then the left
temporal bone windows were used, and both images were saved in
DICOM format. Personal data and examination times were de-
leted, and all acquired images were encoded as anonymized data
by using a unique key before manual measurement or digital
analysis.

Four images (1 image from the left side and 1 from the right
side acquired by using both machines) were obtained from each
subject. All examinations were performed by a single sonographer
(D.S.) who was blinded to the patient diagnoses but not to move-
ment disorder symptoms.

Manual and Automatic Measurements

The SN ipsilateral to the insonation was assessed from both sides.
Manual SN echogenic size measurements were performed on ax-
ial scans automatically after manual encircling of the outer cir-
cumference of the echogenic SN area from encoded images by the
same experienced sonographer (D.S.) with 15 years’ experience
with TCS evaluation of the SN.'®'? Interinvestigator and intrain-
vestigator correlations were published previously.'*

For all subsequent processing steps of the digital analysis and
measurement, images without SN-area encircling were converted
to 8-bit gray-scale (intensity value I = 0-255). The designed al-
gorithm allowed region-of-interest-based processing on gray-
scale images with intensities of 0—255, binary thresholding, and
computation of areas inside an elliptic region of interest. The size
and shape of the region of interest were based on the histologic
image of the SN (Fig 2), and the same region of interest was used
for digital analysis of all images.'>'® Input images were loaded
into the application and cropped to a window of 50 X 50 mm
from the native axis of the image. A predefined elliptic region of
interest was manually placed in the region of the SN by a single
technician (J.B.) trained in TCS image evaluation. The algorithm
computed the area for each I (from 0 to 255) inside the total



area = 50 mm? of the elliptic region of interest circumscribed in
the ipsilateral SN. The echogenicity index as a total sum of areas
(area under the curve) was counted for each image. The 90th
percentile value from the derivation cohort was set as a border

FIG 2. Placement of the region of interest (green) for digital analysis
on the TCS brain stem images obtained from a healthy volunteer (A)
and a patient with Parkinson disease (B).

FIG 3. The difference between the 90th percentile of the derivation cohort (red line; echoge-
nicity index, 18.536) and the counted value in the validation cohort (black) measured by using
machine 1. A, Normal echogenicity of the substantia nigra (echogenicity index, 11.760). B, Hyper-

echogenic substantia nigra (echogenicity index, 31.810).

value. The difference between the border value and the counted
value of the echogenicity index of each image in the validation
cohort was used for differentiation between normal (minus val-
ues) and hyperechogenic SNs (plus values) (Fig 3).

Statistics

The Shapiro-Wilk test was used for the correspondence of calcu-
lated parameters to a normal distribution. Data with a normal
distribution are reported as mean = SD. All parameters not fitting
a normal distribution are presented as mean, median, and inter-
quartile range. Comparative statistical analysis was performed to
calculate the level of linear correlation, with the Spearman corre-
lation coefficient (r), between both manual measurement and
digital analysis, right and left temporal bone windows, and differ-
ent sonographic machines. The Cohen « and first-order agree-
ment coefficient (AC1) were applied when we statistically assessed
the correlation between PD diagnosis and manual measurement
or digital analysis results. The higher values of manually measured
echogenic SN areas and echogenicity indices obtained by using
digital image analysis from the right and left temporal bone win-
dows were used for these statistics. Receiver operating character-
istic curves for PD diagnosis by using both measurements with
area under the curve and optimal cut-point determination were
performed for machine 1. Statistical evaluations were performed
by using SPSS, Version 17.0 (IBM, Armonk, New York).

RESULTS

After subjects (healthy volunteers and patients with PD) with a low
quality of the TCS B-mode were excluded, 113 healthy volunteers in
the derivation cohort and 50 healthy volunteers and 30 patients with
PD in the validation cohort were evaluated.
Demographic data of the derivation and
validation cohorts are presented in Table 1.
The 90th percentile values for both ma-
chines established from SN images of the
derivation cohort are shown in Fig 4. The
SN echogenicity index, counted by using
digital analysis, was highly correlated be-
tween machine 1 and machine 2 (r = 0.996,
P <.01). The values of the 90th percentile of
the echogenicity index for machines 1 and 2
were 18.536 and 18.078, respectively. The
coefficient of variation between the 2
measurements of the same image with a
repeat region-of-interest placement was
1.8%. The manually measured 90th per-
centile of the SN area was equal for both
machines (0.24 cm?).

The 90th percentile values for both
machines and both manual measurement
and digital analysis were used as border
values in the validation cohort. The bilat-
eral hyperechogenic SN was detected in 4
volunteers by using machine 1 and digital
analysis of the TCS image. In the same 4
volunteers, the bilateral hyperechogenic SN
was detected by using machine 2 and digital
analysis of the TCS image, but only in 2 of
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them was an enlarged hyperechogenic SN = 0.24 cm?” found by using
manual measurements in both machines. In the remaining 2 subjects
with hyperechogenic SN in digital analysis, the manually measured
SN area was borderline (0.23 and 0.24 cm?, respectively).

The correlations between the manual measurement and
digital analysis for both machines, between images obtained by
different machines, and between the right and left SN by using
both manual measurement and digital analysis are presented in
Table 2.

Cohen k and AC1 coefficients for digital manual measurement
and digital analysis were k = 0.762 (95% CI, 0.615-0.909), AC1 =
0.787; and k = 0.787 (95% CI, 0.648—-0.926), AC1 = 0.812, respec-
tively (P <.0001 for both measurements). Receiver operating char-
acteristic curves for PD diagnosis by using both measurements and
machine 1 are shown in Fig 5. Areas under the curve for manual
measurement and for digital analysis were 0.936 (95% CI, 0.882—
0.990) and 0.937 (95% CI, 0.884—0.990), respectively. The optimal

Table 1: Demographic data of the derivation and validation cohorts

cut-point for the echogenic area by using manual measurements was
>0.25 cm?, with 86.7% sensitivity and 96.0% specificity for PD. The
optimal cut-point for the echogenicity index by using digital analysis
was >18.576 for machine 1 and >18.118 for machine 2, with 86.7%
sensitivity and 92.0% specificity for PD.

DISCUSSION
Correlations between manual measurement and B-mode Assist
System digital analysis were high in the presented study, with the
Spearman coefficient > 0.6. Both correlations between measure-
ments from images acquired from different machines and be-
tween right and left SN were similar when measured manually and
digitally. The similar correlation coefficients between measure-
ment of the right and left SN by using both manual measurement
and digital analysis showed that both techniques were able to de-
tect the asymmetry in SN echogenicity.

At present, no software for the evaluation of SN hyperechoge-
nicity is routinely used. Contrary to pre-
viously tested programs (software) based

Validation Cohort

on image segmentation and consecutive

Derivation Cohort Healthy Patients measurement of the hyperechogenic SN

Healthy Volunteers  Volunteers with PD area,?*2 the presented software did not

No. of subjects 13 20 30 use an arbitrary cutoff value of echogenic-
Mean age (yr) 523+ 131 541+12.2 56.9 £10.5 . . . .

Male sex (No.) (%) 58 (513) 25 (50.0) 19 (63.3) ity (represented by brightness intensity)

Median UPDRS-III (IQR, range) NA NA 29.5(20.5-38.5;12-47)  for the evaluation of the hyperechogenic

Median Hoehn and Yahr stage NA NA 2(1-3;1-3) SN area. Problems with determination of

(IQR, range) this cutoff value are the main limitation

:;AD%PA the(r:lpy) ((':/l;") (%) Eﬁ Ei ]12 Egéé‘;@ for routine use of such software because

era 0.) (% : . .
Mean of dlsease duration NA NA 28.4 = 12.0 (6-48) only minor changes of this value lead to a

(mo) (range)

substantial shift in measured SN area. Re-

Note:—DA indicates dopamine agonist; IQR, interquartile range; NA, not applicable; UPDRS, Unified Parkinson’s

Rating Scale.

FIG 4. The 90th percentile of the derivation cohort for the Esaote My Lab Twice (machine 1)

and GE Healthcare Vivid 7 Pro (machine 2) machines.

sults of the present study demonstrate the
usability of digital analysis of SN echoge-
nicity with the developed B-Mode Assist
System software, which counts the SN
echogenicity index instead of the SN area
measured by previously developed soft-
ware programs. Thereby, it overcomes the
problems with determination of the echo-
genicity cutoff value.

Despite progress in the quality of TCS
images obtained by high-end sonographic
machines, the main limitation of sono-
graphic B-mode evaluation is still the de-
pendence on the sonographer’s experi-
ence and skill, and the results may be
biased, especially with less experienced

Table 2: Correlations between manual measurement and digital analysis of substantia nigra echogenicity for both machines, between
measurements performed using different machines, and between the right and left substantia nigra using both manual measurement

and digital analysis

Correlations Spearman Coefficient P Value
Between manual measurement and digital analysis for My Lab Twice 0.630 <.0001
Between manual measurement and digital analysis for Vivid Pro 7 0.553 <.0001
Between digital analysis using different machines 0.686 <.0001
Between visual measurements using different machines 0.721 <.0001
Between the right and left substantia nigra using digital analysis and My Lab Twice 0.575 <.0001
Between the right and left substantia nigra using digital analysis and Vivid Pro 7 0.512 .0001
Between the right and left substantia nigra using manual measurement and My Lab Twice 0.494 .0003
Between the right and left substantia nigra using manual measurement and Vivid Pro 7 0.631 <.0001
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FIG 5. Receiver operating characteristic curve for Parkinson disease
diagnosis using manual measurement (blue) and digital analysis (red)
of the substantia nigra for machine 1.

investigators.'®'® In addition, the quality of the TCS examination
is dependent on the bone window quality.'>'>'® In contrast to the
second limitation, the first one should be partially eliminated by
using the developed software.'>'¢

The 90th percentile of the SN area measured in healthy volunteers
is used as a border between normal and hyperechogenic enlarged
SNs.'® This value differs between different machines and sonogra-
phers, usually between 0.20 and 0.25 cm>.%"®'®%’ In the presented
derivation cohort, the 90th percentile for both machines (My Lab
Twice and Vivid 7 Pro) was the same (0.24 cm?). Moreover, the
90th percentile of the echogenicity index using software for the
digital analysis of the image was similar for both machines. These
results demonstrated the reproducibility of SN features measured
by TCS, not only when the same machine is used but also when
using 2 different high-end machines (My Lab Twice and Vivid 7
Pro).”®!1-18:24226 Several previous studies showed that TCS is an
easily reproducible method and has a high specificity and sensi-
tivity for the diagnosis of PD.”*!%!82472¢ Interinvestigator and
intrainvestigator correlations of SN evaluation are high and sta-
tistically significant (r = 0.85, Cohen « coefficient = 0.83, intra-
class correlation coefficient = 0.84—0.96).%'%2%25-28 However,
semiquantitative TCS evaluation of SN echogenicity and mea-
surement of the SN area are highly dependent on the sonogra-
pher’s experience, with significant correlations observed only for
the experienced physician sonographers (r = 0.85, P < .001) and
poor correlations for the sonographic lab assistant or physician
without sonographic experience (r < 0.47, P > .05)."*

One of the main roles of a digital analysis of SN echogenicity
should be the improvement of interinvestigator and intrainvesti-
gator correlations. Nevertheless, its potential use in the detection
of changes in SN echogenicity during a course of PD should be
tested in the future. Studies with manually measured SN did not
show any changes in the hyperechogenic SN area in patients with
PD during a 5-year follow up.” The results of several animal and
postmortem studies demonstrated that SN echogenicity is signif-
icantly dependent on its iron content, and increased tissue iron
concentration correlates with SN hyperechogenicity.®*°~>! This,
together with an apparently autosomal dominant inheritance of
this echo feature in relatives of patients with idiopathic PD, sup-

ports the idea of a primary role of disturbed iron metabolism in
PD.** It is still possible that other factors contribute to SN hyper-
echogenicity, such as abnormal iron-protein bindings, gliosis,
and structural changes of neurons or glial cells (atrophy, morpho-
logic changes of cells) in the SN.>> Due to overcoming the depen-
dency on a subjective bias when evaluating the echogenic SN area
manually, the digital analysis of SN echogenicity should be tested
for detection of minor and slow changes in SN echogenicity in
patients with PD in future studies.

Several limitations of the present study should be mentioned.
First, the TCS examination was performed only by a single well-
trained sonographer. Sonographers without TCS experience
could have problems with correctly imaging the SN. MR imaging—
TCS fusion imaging with virtual navigation technology could be
helpful in this case. Second, the quality of the TCS image is influ-
enced by the quality of the sonography machine and its preset
parameters. For digital analysis, the optimal quality of the TCS
image is evaluated by developed software, but it is very subjective
when using manual measurements. Finally, the standard sonog-
raphy system settings should be used.”® Especially, changes in
settings influencing the image brightness (eg, gain or dynamic
range) could lead to a bias. This influence of gain changes can be
overcome by also performing the B-mode Assist System digital
image analysis for the reference region (eg, thalamus or occipital
lobe white matter) and by using the obtained data for a correction
of the digital analysis of the SN area. For the future, there is a new
technique, MR imaging—TCS fusion imaging with virtual naviga-
tion technology, that could be helpful in more accurate TCS di-
agnostics.” This technique enables simultaneous real-time TCS
and MR imaging (or CT) of brain structures, with possible over-
lapping of both images.’® It allows one to exactly determine sev-
eral structures on TCS imaging for subsequent analysis (eg, sub-
stantia nigra, red nucleus, brain raphe, caudate nucleus, lenticular
nucleus, or insular cortex).

CONCLUSIONS

Digital analysis of SN echogenicity by using the B-mode Assist
System showed comparable results with conventional manual
measurement of the echogenic SN area by an experienced sonog-
rapher. The presented digital analysis may overcome the main
limitation of TCS evaluation of SN—the dependence on the
sonographer’s experience.

Disclosures: David Skoloudik—RELATED: Grant: Moravian-Silesian Region.* Petra
Bartova—RELATED: Grant: Moravian-Silesian Region.* *Money paid to the
institution.
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ORIGINAL RESEARCH
BRAIN

Automatic Quantification of Subarachnoid Hemorrhage on

Noncontrast CT

AM. Boers, IA. Zijlstra, C.S. Gathier, R. van den Berg, C.H. Slump, H.A. Marquering, and C.B. Majoie

ABSTRACT

BACKGROUND AND PURPOSE: Quantification of blood after SAH on initial NCCT is an important radiologic measure to predict patient
outcome and guide treatment decisions. In current scales, hemorrhage volume and density are not accounted for. The purpose of this
study was to develop and validate a fully automatic method for SAH volume and density quantification.

MATERIALS AND METHODS: The automatic method is based on a relative density increase due to the presence of blood from different
brain structures in NCCT. The method incorporates density variation due to partial volume effect, beam-hardening, and patient-specific
characteristics. For validation, automatic volume and density measurements were compared with manual delineation on NCCT images of
30 patients by 2 radiologists. The agreement with the manual reference was compared with interobserver agreement by using the intraclass
correlation coefficient and Bland-Altman analysis for volume and density.

RESULTS: The automatic measurement successfully segmented the hemorrhage of all 30 patients and showed high correlation with the
manual reference standard for hemorrhage volume (intraclass correlation coefficient = 0.98 [95% Cl, 0.96—0.99]) and hemorrhage density
(intraclass correlation coefficient = 0.80 [95% Cl, 0.62—0.90]) compared with intraclass correlation coefficient = 0.97 (95% Cl, 0.77—0.99)
and 0.98 (95% Cl, 0.89—0.99) for manual interobserver agreement. Mean SAH volume and density were, respectively, 39.3 = 31.5 mL and
62.2 = 5.9 Hounsfield units for automatic measurement versus 39.7 = 32.8 mL and 61.4 = 7.3 Hounsfield units for manual measurement. The
accuracy of the automatic method was excellent, with limits of agreement of —12.9-12.1 mL and —7.6-9.2 Hounsfield units.

CONCLUSIONS: The automatic volume and density quantification is very accurate compared with manual assessment. As such, it has the

potential to provide important determinants in clinical practice and research.

ABBREVIATIONS: ICC = intraclass correlation coefficient; LPBA40 = Laboratory of Neuro Imaging Probabilistic Brain Atlas

espite improvements, the treatment of SAH is associated
with high fatality rates and affects fairly young adults: up
to half of all cases of SAH are fatal within 30 days, and the mean
age of presentation is 55 years.'”> There is strong agreement
among studies that the amount of subarachnoid blood on ini-
tial NCCT has a highly predictive value regarding patient out-
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come and the incidence of vasospasm and concomitant de-
layed cerebral ischemia.>*°® Hemorrhagic density may be of
equal importance in predicting patient outcome, but this has
not been validated properly.>'°'> Currently several grading
systems are used to assess the initial clinical and radiologic
features of SAH.”®'*"'> However, there is still an ongoing dis-
cussion about the optimal method of grading SAH on
NCCT.>”'*'® The 2 most commonly used scales of Fisher
et al” and Hijdra et al® have come under criticism; authors
referred to these scales as rather gross estimators, difficult to
apply, lacking quantification, and cumbersome in the clinical
setting.”'”>'°>> Moreover, hemorrhage density is not consid-
ered in these scales. A quantitative volume and density mea-
surement may reduce interobserver variability in comparison
with current scales and would provide physicians with a po-
tentially valuable tool for outcome prediction and treatment
guidance.” As such, the aim of this study was to design and
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Table 1: Clinical and radiographic characteristics of the study
population

Test Set Training Set
Characteristics (No.) (%) (No.) (%)
Sex
Male 12 (40) 5(75)
Female 18 (60) 15 (25)
Age (yr)
45 or younger 7(23) 5(25)
46-60 16 (53) 11(55)
Older than 60 7(23) 4(20)
IVH
Yes 16 (53) 4(20)
No 14 (47) 16 (80)
ICH
Yes 19 (63) 12 (60)
No 1(37) 8(40)
MCA location
Left 14 (47) 18 (10)
Right 16 (53) 2(90)
WENS at admission
Grade | 1(37) 9 (45)
Grade Il 2(7) 2(10)
Grade Il 2(7) 4(20)
Grade IV 8(27) 3(15)
Grade V 7(23) 2(10)
History of hypertension
Yes 3(10) 7(35)
No 22(73) 13 (65)
Aneurysm size
=5mm 9(30) 6(30)
6-10 mm 14 (47) 12 (60)
1115 mm 3(10) 2(10)
>15 mm 3(10) -
Signs of DCI
No 21(70) 19(95)
Yes 9(30) 1(5)
Paresis 1(3) 1(5)
Decreased consciousness 4(13) -
Hemiparesis and aphasia 3(10) -

Vasospasm 1(3) -

Note:—IVH indicates intraventricular hemorrhage; ICH, intracerebral hemorrhage;
DCl, delayed cerebral ischemia; WFNS, World Federation of Neurosurgical Societies.

validate a reliable and easy-to-apply automatic measurement
for subarachnoid hemorrhage quantification.

MATERIALS AND METHODS

Patient Selection

This study is a substudy of a larger project evaluating the outcome
of patients with ruptured middle cerebral artery aneurysms.
NCCT image data of 50 consecutive patients with ruptured MCA
aneurysms who were admitted to the Academic Medical Center
hospital from January 2003 to March 2011 were retrospectively
enrolled in this study. A subset of 20 consecutive patients was
selected to form a training set for optimization of our method.
The remaining 30 patients were used for validation. The inclusion
criteria were the following: clinical diagnosis of SAH, available
NCCT obtained within 72 hours after initial hemorrhage, and 18
years of age or older. Patients with previous aneurysm treatment
by clipping or coiling, craniectomy, or craniotomy were excluded.
A summary of the patient clinical and radiographic information is
presented in Table 1. Informed consent was waived by the medical
ethics committee.
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Imaging Protocol

Whole-brain NCCT was performed on a Sensation 64 scanner
(Siemens, Erlangen, Germany) and a Sensation 4 scanner (Sie-
mens) with the following parameters: 120 kV, 380 mAs, recon-
struction kernel = H40s, and 5-mm section thickness, resulting in
volumes with 23-34 sections. The image data were anonymized.

Overview

Our proposed method for detection and quantification of blood
after SAH is based on a relative density increase in NCCT images
due to the presence of blood. The process started with an atlas-
based segmentation to classify different brain structures, followed
by a compensation for partial volume effect in the vicinity of the
skull. Hereafter, evaluation of density was assessed to set a tissue-
specific threshold for density-based segmentation of blood. A re-
gion-growing algorithm included subtle attenuated parts of the
hemorrhagic areas.

Atlas-Based Segmentation

Atlas-based segmentation requires a reference image with a cor-
responding atlas, which classifies structures in this image. An ex-
perienced neuroradiologist (C.B.M.) selected an NCCT image of
a healthy subject as a reference image, ensuring that no patholo-
gies or image artifacts were present. Because the proposed hem-
orrhage detection method is based on a relative density increase in
NCCT images, brain structures with different densities on NCCT
images should be recognized. As such, brain tissue was labeled as
the following: 1) GM, 2) WM, and 3) CSF.

The Laboratory of Neuro Imaging Probabilistic Brain Atlas
(LPBA40)** was used for the labeling. The LPBA40 dataset pro-
vides the following: 1) average-intensity skull-stripped TI-
weighted MR brain image; 2) probabilistic MR imaging tissue
maps of WM, GM, and CSF; and 3) probabilistic maps for 56
delineated structures in the brain. The LPBA40 Atlas was regis-
tered with the reference image to produce the CT-based atlas.

Skull-Stripping. Because the LPBA40 images are without skull,
skull stripping of the NCCT reference image was required before
registration. The skull-stripping started with thresholding to se-
lect and exclude the skull by using an established threshold of 100
Hounsfield units (HU). This threshold assured that calcifications
were excluded and any hemorrhage was included.>¢ After a 2D
erosion with a disk-structuring element in each section, the re-
maining structures were detected by using 2D-connected compo-
nent analysis. To discriminate brain tissue from other soft tissues,
we excluded connected components with small areas. When mul-
tiple connected components were present in a section, the
component with its centroid closest to the centroid of the su-
perior section was selected as brain tissue. Here we assume that
superior sections only contain a single connected component
because of the absence of soft tissues other than brain in the
cranial part of the head. After selection of brain tissue, we
performed a morphologic closing and dilation, resulting in the
final brain mask.

Generation of a CT-Registered Atlas. All registrations were per-
formed by using the open-source software Elastix (Version 4.6;
http://elastix.isi.uu.nl).?” First, the average-density LPBA40 MR


http://elastix.isi.uu.nl

FIG 1. lllustration of differentiation between partial volume effect and hemorrhage in the vicinity of the skull. A, Calculation of the density
gradient of an NCCT image with high hypodensities near the skull. High gradients are expected to be caused by partial volume effects in contrast
to hemorrhages, which result in low gradients as seen in B and C. The pixels corresponding to low gradients (blue) are excluded from further
segmentation. The white arrows mark the areas with high gradients present in the CSF image.

brain image was registered to align with the skull-stripped refer-
ence image. Because multimodal images needed to align, mutual
information was set as a similarity measure for registration. Reg-
istration was performed by a rigid and affine transformation first
to correct for major differences in position, orientation, and size.
Subsequently, a nonrigid B-spline registration was applied to cor-
rect for remaining differences in brain shape, and the result was
inspected by a trained observer (A.M.B). Using the transforma-
tion from this registration, we transformed the anatomically la-
beled maps of the LBPA40 data with the use of Transformix (Ver-
sion 4.6; http://elastix.isi.uu.nl)*” to align with the reference CT
image, resulting in the CT-registered atlas images used in the

remainder.

Atlas-Based Segmentation of Patient Images. The CT-based at-
las was used to label different brain tissue types in all patient
images. By registration of the reference image with patient images,
the CT-based atlas also aligned with patient data. Similar to the
registration of the reference image with the LBPA40 atlas, this
process was started with skull stripping. The regions of the
patient images were classified by applying this transformation
to the CT-based atlas. Because hemorrhages induce density
changes, again, mutual information was set as a similarity mea-
sure in the registration to label patient NCCT images into GM,
WM, and CSF.

Partial Volume Effect

The used image data with relatively thick sections of 5 mm had
partial volume effects, resulting in higher density in the skull-
brain transition zone. As a result, healthy tissue close to the skull
may have density similar to that of blood. This makes it diffi-
cult separate images of true hemorrhage near the skull from
artifacts, due to partial volume effects. There is however, a
noticeable change in the width of the transition zone of healthy
brain tissue and skull; this transition is wider in the presence of
hemorrhage.

To differentiate hemorrhagic tissue from healthy tissue with
partial volume effects, we estimated the density gradient at the
transition of skull to healthy brain tissue, in which the gradient for
hemorrhagic tissue is lower than that for healthy tissue with par-

tial volume effects. This density gradient (v) is defined as the
density difference (in Hounsfield units) between the skull and
healthy brain tissue divided by the Euclidean distance between
these points. The location of the points was found by selecting 2
positions on an orthogonal line over the transition of the brain
and skull. The pixel closest to the brain tissue with a density of
>100 HU was selected as the first point (P, ), and the pixels closest
to the skull with a density of <50 HU, as a second point (P,). The
typical density gradients for partial volume effect and hemor-
rhagic brain tissue near the skull are illustrated in Fig 1. Using this
separation, we excluded voxels with high densities and high gra-
dients from further processing.

Correction for Patient-Specific Density Differences
Relative density differences of normal and hemorrhagic voxels
can vary from patient to patient. These variations are mainly
caused by partial volume effects in upper and lower sections and
beam-hardening but may also be caused by differences in scanner
type and brain tissue composition (old infarct, atrophy) and
blood composition (age of hemorrhage, hematocrit). Because our
method is based on relative density changes, this offset needed to
be corrected, to come to an optimal threshold to discriminate
blood from normal brain tissue. To estimate these small offsets,
we divided recognized tissue types in each section into equal tiles
in which the SD of the density was calculated. After visual inspec-
tion of an alternating number of tiles, the optimal number of tiles
was established (n = 64). Tiles with a small SD were expected to be
free of blood. The densities in these tiles were used to estimate the
mean density of that specific tissue type in that section. This pro-
cess is illustrated in Fig 2. The “offset” was defined as the differ-
ence of the mean density of that tissue type and the values of the
reference image. After correction for this offset, a first estimation
of hemorrhage was defined as all voxels with a density higher than
the adjusted threshold, which was defined by the mean density of
the reference image per tissue type * the SD.

In the interhemispheric fissure, the falx cerebri can be mis-
taken for blood and therefore requires additional analysis. The
interhemispheric fissure was localized by using anatomic atlas
regions adjacent to the midline. A blood-free segment of the falx
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FIG 2. Illustration of the correction for patient-specific density differences. A, Each section of
a specific tissue type (here CSF) is divided into 64 tiles, and the SDs of the density were
calculated. B, Green tiles represent those with a low SD of the density and are expected to be
free of a substantial amount of extravasated blood and therefore mainly consist of healthy
brain tissue, whereas tiles with a high SD (red tiles) are more likely to contain hemorrhage. The
densities in the green tiles were included in the calculation of the mean density of that tissue
type. Comparison with the mean density of that tissue type in the reference image resulted in

a density offset, which was corrected.

was selected as the segment with a small SD of densities. K-means
clustering was used to partition the area into 2 structures: normal
brain tissue or the falx. Subsequently, the threshold to segment
blood in the interhemispheric fissure was adjusted to the normal
hyperattenuated falx.

Region Growing

The threshold, as described above, does not include subtle atten-
uated parts of the hemorrhage. To correct for this underestima-
tion of blood volume, we used initial segmented hemorrhages as
seeds for a region-growing algorithm. This algorithm examined
all voxels in the vicinity of the initial segmented hemorrhage to
determine whether these voxels should be included in the seg-
mentation. A voxel was included if the difference in its density and
the average density of the segmented volume was smaller than a
predefined threshold of mean density — 1.5 times the SD.

Hemorrhage Volume and Density Estimation

The volume of blood was determined as the multiplication of the
segmented voxels by voxel size. For every segmented region of
blood, there is a distribution of densities. Because the average
density may be sensitive to small overestimations of the segmen-
tation, which would include low-density voxels, the hemorrhage
density was defined as the third quartile of the density distribution
of the segmented volume.

Manual Hemorrhage Segmentation

The hemorrhage volume of 20 patients with SAH was selected for
training and was manually delineated by radiologist .A.Z. (with 8
years of experience) by using ITK-SNAP 2.4.0 (http://sourceforge.
net/projects/itk-snap/files/itk-snap/2.4.0/).%® The 30 hemorrhage
volumes in the test set were delineated twice by radiologists .A.Z.
and R.v.d.B. (with >15 years of experience) and were used for
validation. Both observers were blinded to all clinical information
and each other’s results.
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Fisher and Hijdra Grading

Each patient was graded according to the
Fisher and Hijdra scales by I.A.Z. and
C.S.G. Both observers were blinded to all
clinical data and reached a consensus. The
sum score of the ventricles and cisterns
was combined to obtain the final Hijdra
score, ranging from 0 to 42.

Statistical Analysis

The manual measurements of a single ob-
server (I.A.Z.) were used as a reference
standard to evaluate the accuracy of the
automatic method. The difference in
hemorrhage volume between the auto-
matic and manual assessment and the in-
terobserver variability of the manual
hemorrhage segmentation was evaluated
by a number of tests. At first, scatterplots
were presented, and the interclass corre-
lation coefficient (ICC) and its 95% CI
with absolute agreement definition were
calculated. The ICC was assessed according to the case 3 form of
Shrout and Fleiss,*® in which a 2-way ANOVA model is used for
analysis. Additionally, a Bland-Altman analysis was performed to
assess the bias and limits of agreement, in which the “bias” was
defined as the mean paired difference and limits of agreement.”®
Furthermore, the Dice coefficient® was calculated to determine
the overlap of the volumes, and the ICC and its 95% CI of the
hemorrhage density were assessed.

In addition, Fisher and Hijdra scale scores were compared
with manual-delineated and automatic-determined volumes by
constructing scatterplots and calculating, respectively, the Spear-
man rank correlation coefficient and the Pearson correlation co-
efficient and their 95% Cls.

RESULTS

The test set included 30 patients, with a mean age of 55 * 12 years,
and 60% were women. The mean SAH volume was 39.71 * 32.84
mL and 39.33 * 31.49 mL, according to the manual and auto-
matic methods, respectively. The ICC of the volume measure-
ment between the automatic and manual measurements was 0.98
(95% CI, 96%-99%). The ICC of the volume-measurement in-
terobserver agreement was 0.97 (95% CI, 77%-99%). Bland-
Altman analysis indicated an average difference in SAH volume of
—0.39 mL between the automatic and manual measurements,
with limits of agreement ranging from —12.90 to 12.10 mL. For
the 2 observers, the Bland-Altman analysis resulted in a bias of
—6.22 mL, with limits of agreement ranging from —18.70 to 6.20
mL. The Dice coefficient of the manual and automatic measure-
ments was 0.55 = 0.24 and ranged from 0.00 to 0.83, in compar-
ison with 0.64 = 0.20 between the 2 observers.

The interobserver and accuracy measures are shown in Table 2
and Fig 3. The mean SAH density was 61.43 = 7.26 HU and
62.23 = 5.89 HU, according to the manual and automatic meth-
ods, respectively. The ICC of the hemorrhage density between the
observers was 0.98 (95% CI, 89%-99%) and 0.80 (95%
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Table 2: Interobserver variability of manual SAH volume measurement and comparison of the manual and automatic methods

ICC Bland-Altman
Volume? Volume Limits of

(95% Cl1) Agreement (mL)
Automatic interobserver  0.98 (0.96-0.99) —12.90-12.13
Manual interobserver 0.97 (0.77-0.99) —18.68-6.24

IcC Bland-Altman Dice
Density® Density Limits Coefficient
(95% CI) of Agreement (HU)  (Mean and Range) No.®
0.80(0.62—-0.90) —7.58-9.18 0.55(0.00-0.83) 30
0.98 (0.89-0.99)° —1.52-3.44° 0.64 (0.00-0.86) 30

2 Case 3 intraclass correlation coefficients using an absolute agreement definition.
® Number of NCCT scans included in the calculation.
©Number of NCCT scans included for calculation = 29.

FIG 3. The accuracy of the volume measurement of the automatic method compared with that
in observer 1. A, Accuracy depicted as a scatterplot. B, Accuracy shown by the Bland-Altman
plot. Interobserver variability of the manual hemorrhage volume measurement depicted as C,

scatterplot, and D, Bland-Altman analysis.

CI, 62%-90%) for the comparison of the manual reference and
automatic method. In 1 case, observer 2 detected no hemorrhage;
this case was excluded from the calculation of the manual inter-
observer variability regarding the density measurement only.
Bland-Altman analysis indicated an average difference in SAH
density of 0.80 HU between the automatic and manual measure-
ments, with limits of agreement ranging from —7.58 to 9.18 HU.
For the 2 observers, the Bland-Altman analysis resulted in a bias of
0.96 HU, with limits of agreement ranging from —1.52 to 3.44
HU.

The Fisher score was 2 in 3 patients (10%), 3 in 4 patients
(13%), and 4 in 23 patients (77%). The Hijdra score ranged from
1 to 38, with a median and third quartile of 24 and 29, respectively.
The correlation of the hemorrhage volume with the Fisher score
and Hijdra score is shown in Fig 4. The Pearson correlation coef-
ficient of the Hijdra score with manual volume measurement was
0.39 (95% CI, 0.04—0.63; P <.05), and with automatic measure-
ment, 0.42 (95% CI, 0.08—0.65; P < .05). The Spearman rank

correlation coefficient of the Fisher score
with a manual volume measurement was
0.49 (95% CI, 0.10-0.74; P <.01), and
with automatic measurement, 0.50 (95%
CI, 0.14-0.74; P < .01).

DISCUSSION

In this study, we have presented a novel
method for automatic hemorrhage vol-
ume and density quantification in
NCCT scans of patients with SAH.
Comparison with manual delineations in
30 patients with SAH with manual assess-
ment showed an excellent agreement in
blood volume and a good agreement in
blood density.

Despite the general acceptance that
the volume of blood after SAH provides
information regarding prognostic out-
come and guidance for treatment deci-
sions, no method to estimate the real
amount of blood so far has been success-
ful. Sato et al*®> proposed an automated
measurement on 3D CT to quantify SAH
on the basis of thresholding between 40
and 80 HU, which could rapidly measure
SAH volume. However, the time needed
to manually exclude the scalp and subcu-
taneous tissue was not taken into account.
Furthermore, errors in volume of approx-
imately 10 mL were unavoidable, partly
because the volume was calculated by subtracting a mean value
for tissues between 40 and 80 HU of healthy subjects from
the patient image. Other computer-aided detection methods
have been proposed for intracranial hemorrhages; however,
these are not suitable to automatically quantify SAH. For in-
stance, the method of Chan®? is based on the symmetry of the
ventricles, which are segmented by thresholding only. Here,
the assumption is made that no blood is present in the ventri-
cles, which is often not the case in patients with SAH.

The Fisher scale has become the current historical standard for
this purpose on NCCT. It was designed to predict cerebral vaso-
spasm; however, its clinical utility has been questioned.'>'*'*>?
The Fisher scale is not comprehensive enough to serve as a pri-
mary grading system for SAH and to predict clinical outcome.” In
this study, the Fisher scale fails to differentiate among hemor-
rhages with a small, moderate, or substantial amount of blood by
categorizing grade 4 in 77% of the cases within a large range of
12-130 mL. Finding no blood on CT is rare, as is clot <1 mm in
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FIG 4. Correlation of the Hijdra score and Fisher score with hemorrhage volume after SAH
assessed with scatterplots. A, The Fisher score with automatic volume measurement (blue) and
manual volume measurement (red). B, The Hijdra score with automatic volume measurement

(blue) and manual volume measurement (red).

FIG 5. Example of the results of the automatic segmentation of extravasated blood after SAH
and manual measurement. A, NCCT image, shown in red, with results of the automatic method
of a relatively small hemorrhage. B, The same NCCT image and hemorrhage as delineated by
observer 1 (blue). C, NCCT image with beam-hardening in an extreme degree. The automatic
method, in red, shows deviations of the hemorrhage volume as delineated by observer 1(D) in

blue.

true thickness, making grades 1 and 2 quite uncommon. The cor-
relation of this scale with hemorrhage volume was moderate
(0.49). Because there is strong agreement among studies that the
amount of subarachnoid blood has highly predictive value re-
garding patient outcome, we believe that our proposed volumet-
ric measurement has added value above the Fisher scale.**™
Moreover, Fig 4 illustrates the large range of hemorrhage volumes
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within single Fisher scales. Because of the
low number of patients in Fisher grades 1
and 2, we could not perform any valuable
statistical analysis.

Even though the method by Hijdra et
al® is more comprehensive than the Fisher
scale, the correlation with the measure-
ments of hemorrhage volume in this
study was poor in comparison with our
proposed method (0.39 versus 0.98). The
Hijdra scale assigns grade 3 to a fissure or
cistern when it is completely filled with
blood, which does not indicate a certain
volume. In addition, assessment of the
Hijdra scale is a tedious task and may be
impractical in an emergency setting.

1’* proposed the
Barrow Neurological Institute scale, a

Recently, Wilson et a

simple and quantitative method to grade
the amount of blood and predict vaso-
spasm. This scale categorized patients
with SAH into 5 more evenly distributed
classes than the Fisher scale and showed
better inter- and intraobserver agree-
ment. However, the clinical value has not
been confirmed by other studies. Al-
though this scale appears promising for
the prediction of vasospasm, associations
with SAH volume have not been reported.
An example of the volume measure-
ments is shown in Fig 5. The concordance
of the automatic method with manual ref-
erence was excellent, despite a moderate
Dice coefficient. This disagreement can
partly be attributed to the tortuous shape
of the cisterns. The observers perceived an
image on the screen and delineated it by
hand; this hand method results in smooth
edges, whereas the automated method
segments the image on a voxel-by-voxel
basis, which results in ragged edges.
Another limitation for the current
grading scales is that hemorrhage density,
which may be equally important, is not
considered.»'%"* This limitation ad-
dresses an additional advantage of the
proposed automatic method, which re-
ports a good ICC of the hemorrhage
density measurement with the manual
reference. This ICC was, however, ap-
proximately 18% lower than the interob-
server variability. Retrospective analysis showed that this differ-
ence was mainly caused by low agreement in patients with small
hemorrhage volumes. When we included only SAH volumes >5
mL (3 patients excluded), the ICC of the hemorrhage density of
the automatic measurement and manual reference increased to
0.95 (95% CI, 87%—-98%). This increase can be partly explained
by the difference in procedures regarding small hemorrhages; in



the manual comparison, the observers delineated on the basis of
personal experience and by using the contralateral hemisphere for
comparison. Here, only slightly hyperattenuated blood could be
detected, in contrast to the automatic method, which is threshold-
based. No restrictions are to be expected regarding SAH quanti-
fication for such small hemorrhages.

In this study, the third quartile was chosen for the hemor-
rhage-density estimation. We believe that a measurement such as
the mean is more sensitive to errors in the segmentation due to the
difference in segmentation technique (voxel-by-voxel-based ver-
sus delineation by hand). The third quartile is, however, a heuris-
tic approach.

SAH often is accompanied by intraventricular hemorrhage or
intracerebral hemorrhage as seen in Table 1. The automatic
method in this study was designed to include all blood present in
the brain after SAH. Therefore, we believe this method has the
potential to serve as a quantification measurement in other types
of hemorrhagic strokes. As future work, it could be beneficial to
differentiate among locations of hemorrhage to investigate the
role of blood distribution in patients with SAH. This study was
performed on image data of a population of patients who had
SAH due to rupture of an MCA aneurysm. As a result, this study
may be affected by a selection bias because these patients, espe-
cially, present with bleeding around the temporal and insular re-
gions; however, in most patients, there was extension into the
interhemispheric fissure and to the lower pontine cistern. All in-
cluded NCCT images were obtained on 2 scanner types, with 1
reconstruction kernel. We do, however, expect no problems when
using different scanner types because the automatic method cor-
rects for these density differences.

The duration of manual segmentation was recorded for 19
patients only. The manual segmentation ranged between 5 and 23
minutes with a median of 15 minutes, which was considerably
longer than the 2-5 minutes required for the Fisher and Hijdra
grading. The automatic SAH assessment took an average of 5
minutes per patient on a modern computer. The computation
times should be further reduced to make an approach as pre-
sented here available for clinical practice.

Furthermore, the automatic method may not recognize aneu-
rysms and large vessels and categorizes them as part of the hem-
orrhage. Using the proposed method to quantify only the amount
of extravasated blood may therefore lead to an overestimation of
this volume. A solution for this issue could be to subtract a CTA
from the NCCT image.

In this study, a method was designed to correct for partial
volume and beam-hardening artifacts, which are more prominent
in the anterior fossa near the skull base and in the posterior fossa.
Despite these corrections, other CT artifacts, such as patient mo-
tion, may cause the automatic SAH quantification to fail. In ad-
dition, when beam-hardening is present in an extreme extent, the
automatic segmentation may underestimate the hemorrhage vol-
ume because the artifacts are approached as a patient-specific
density variation as seen in Fig 5. Furthermore, high-attenuated
areas may be seen as hemorrhage. Although physics-based arti-
facts cannot be eliminated, techniques have been developed to
correct for these quantitative and visual errors and could be ben-
eficial for improvement of our method.*>?¢

Another point is that the threshold values used in the algo-

rithm are dependent on the standard value in the images. There-
fore, the method may be dependent on the image quality. Valida-
tion on different scanners and reconstruction techniques is
therefore required.

We designed and validated our method to align the real hem-
orrhage volume and density after SAH. Evaluation with patient
outcome is beyond the scope of this study because multiple fac-
tors other than radiographic evidence contribute to the prediction
of patient outcome, including clinical scales such as those of Hunt
and Hess'” and the World Federation of Neurosurgical Societ-
ies.”'>?7 A future study in which hemorrhage volume and density
are combined with other factors is necessary to validate the full
utility of this method as a predictor for patient outcome.

CONCLUSIONS

We have presented a fully automatic method for blood volume
and density quantification in NCCT scans of patients with SAH.
The automatic method showed an excellent accuracy and strong
correlation with the manual reference standard. This approach is
an easy-to-use (fully automatic) and observer-independent solu-
tion in assessing the volume and density and, as such, has the
potential to assist in predicting patient outcome, guiding treat-
ment decisions, and standardizing hemorrhage assessment across
medical centers in multicenter studies.
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ABSTRACT

BACKGROUND AND PURPOSE: Conventional MR imaging typically yields normal images of the brain or indicates lesions in areas of high
aquaporin expression in patients with neuromyelitis optica. Diffusional kurtosis imaging was applied in patients with neuromyelitis optica
to determine whether this technique could detect alterations in diffusion and diffusional kurtosis parameters in normal-appearing white
matter and to explore the relationship between diffusional kurtosis imaging and DTI parameters.

MATERIALS AND METHODS: Thirteen patients with neuromyelitis optica and 13 healthy controls underwent MR imaging of the brain with
conventional and diffusional kurtosis imaging sequences. Tract-based spatial statistics and region-of-interest-based analyses were con-
ducted to identify differences between patients with neuromyelitis optica and controls through conventional DTl and diffusional kurtosis
imaging parameters. The parameters were correlated to determine the potential relationship between them.

RESULTS: Compared with healthy controls, several diffusional kurtosis imaging and DTI parameters were altered in various fiber tracts of
patients with neuromyelitis optica (P << .05). A significant decrease (P << .05) in radial kurtosis was observed in the corpus callosum and anterior
corona radiata and left optic radiation. Differences (P < .1)in mean kurtosis were found in patients with neuromyelitis optica. We found a negative
correlation between diffusional kurtosis imaging (radial kurtosis, axial kurtosis, mean kurtosis) and the corresponding DTl parameters (radial
diffusivity, axial diffusivity, mean diffusivity). Positive correlations were found for radial kurtosis and mean kurtosis with fractional anisotropy.

CONCLUSIONS: This study demonstrated differences in conventional diffusion and diffusional kurtosis parameters, especially radial
kurtosis, in the normal-appearing white matter of patients with neuromyelitis optica compared with healthy controls. Larger studies of
patients with neuromyelitis optica should be performed to assess the potential clinical impact of these findings.

ABBREVIATIONS: AD = axial diffusivity; AK = axial kurtosis; CC = corpus callosum; DKI = diffusional kurtosis imaging; FA, fractional anisotropy; MD = mean
diffusivity; MK = mean kurtosis; NMO = neuromyelitis optica; OR = optic radiation; RD = radial diffusivity; RK = radial kurtosis; TBSS = tract-based spatial statistics

euromyelitis optica (NMO) is a severe, recurrent demyeli-
N nating disease that typically affects the optic nerve and spinal
cord."” In patients with NMO, conventional MR imaging typi-
cally yields images with normal findings of the brain or indicates
lesions in areas of high aquaporin expression.” Studies by using
diffusion-tensor MR imaging, which depicts several diffusion pa-
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rameters, have identified extensive damage in the normal-appear-
ing white matter in patients with NMO, affecting the pyramidal
tract, optic radiation (OR), and corpus callosum (CC).*>
Diffusional kurtosis imaging (DKI) is an extension of the DTI
technique that allows the simultaneous estimation of diffusion
and kurtosis parameters.® The DTI model assumes that diffusion
occurs in a random unrestricted way, following a Gaussian diffu-
sion probability distribution function. However, the complexity
of tissue is the reason that water diffusion deviates from that strict
Gaussian behavior and occurs in a restricted way. DKI considers
this in its model by quantifying this deviation, the diffusional
kurtosis; thus, it is a more accurate description of restricted dif-
fusion than DTI and may provide additional biomarkers in vari-
ous disease states.””® In combined DTI and DKI acquisitions, at
least 15 distinct nonlinear diffusion directions (gradients), with at
least 3 distinct b-values,” are obtained. Typical b-values for DKI in
the brain are 0, 1000, and 2000 s/mm?. An advantage of DKI is
that it apparently accounts for fiber-crossing, whereas DTT fails in
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this respect.'® Q-ball imaging, a previously described technique
that also accounts for fiber crossing, requires numerous encoding
directions and even greater b-values, resulting in high acquisition
times.''* Therefore, DKI might be useful when shorter acquisi-
tion times are needed because it requires only 15 independent
directions and lower b-values.

Mean kurtosis (MK), which provides a measure of the overall
kurtosis, is the main DKI parameter of interest in an isotropic
medium. When diffusion becomes anisotropic (eg, within nerve
fibers), directional kurtosis metrics, such as axial kurtosis (AK)
and radial kurtosis (RK), can be derived. As in conventional DTI,
AK is defined as the kurtosis along the principal eigenvector,
whereas RK is the kurtosis perpendicular to the principal eigen-
vector. Kurtosis parameters have been shown to correlate nega-
tively with DTT parameters.'> In a previous study,'* the DKI pa-
rameters, especially RK, showed high sensitivity to the degree of
myelination of the brain in rats. RK was increased due to a more
restricted diffusion perpendicular to the axon during myelina-
tion. Conversely, it is expected that RK will decrease when diffu-
sion becomes less restricted during demyelination. Litt et al'®
recently estimated and compared the regional DKI values of
healthy brain tissues with DKI values obtained from previous
studies of different pathologies. In another study in which DKI
was applied after stroke onset,'® higher MK values were observed
in ischemic WM, which eventually progressed to gliosis, com-
pared with ischemic WM that maintained a normal appearance.
These findings suggest the usefulness of DKI for predicting the
outcome of ischemic tissue. Finally, DKI parameters were found
to be more effective than conventional DTI parameters for differ-
entiating high- and low-grade gliomas."”

To date, few studies have assessed the clinical application of DKI.
The purpose of this study was to evaluate the brains of patients with
NMO by DKI, to determine whether DKI can detect differences in
DKI parameters compared with healthy controls and to explore the
relationship between DKI and conventional DTI parameters.

MATERIALS AND METHODS

Subjects

Thirteen patients diagnosed with NMO (mean age, 35 * 14 years;
agerange, 14—64 years; 6 females and 7 males) were selected from the
Clinical Demyelinating Disease data base of our university hospital.
All patients fulfilled the revised Criteria of 2006 of Wingerchuk et al.'
Thirteen demographically matched healthy controls (mean age, 37 =
13 years; age range, 15-57 years), free of neurologic or psychiatric
disorders, were also enrolled. All subjects gave written informed con-
sent, and the study was approved by the institutional review board.

MR Imaging Acquisition

All subjects underwent MR imaging at 3T (Tim Trio; Siemens, Er-
langen, Germany). In addition to standard sagittal TIWI and axial
T2WI (FLAIR) sequences, a work-in-progress DKI sequence was ac-
quired with 30 gradient directions and the following parameters: b-
valuesof 1 b = 0s/mm?, 30 b = 1000 s/mm?, and 30 b = 2000 s/mm?;
TR/TE = 5300/90 ms; FOV = 220 mm; 45 sections; matrix = 82 X
82; section thickness = 2.7 mmj; voxel size = 2.7 mm? isotropic;
bipolar gradient scheme; bandwidth = 3048 Hz/Px; parallel imaging
factor = 2; echo spacing = 0.59 ms; no gap.
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DTI and DKI Parametric Map Calculations

DKI raw datasets were processed off-line on a workstation. To
calculate the diffusion and kurtosis parametric maps, a custom-
written software in Matlab (MathWorks, Natick, Massachusetts)®

> was fit-

was used. The kurtosis model, as described previously,
ted to the diffusion-weighted signal intensities in each voxel by
nonlinear least-squares minimization. The fitted kurtosis tensor
was used to calculate AK, RK, and MK, as described by Tabesh et
al.° Fractional anisotropy (FA), mean diffusion (MD), axial dif-
fusion (AD), and radial diffusion (RD) were calculated from the
diffusion tensor in the kurtosis model by using conventional
equations.® After this, parametric maps were constructed for each
parameter (Fig 1).

Data Analysis

Tract-Based Spatial Statistics for Group Analysis. First, all sub-
ject data were analyzed statistically by using tract-based spatial
statistics (TBSS), a software tool within the fMRI of the Brain
Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl).'® All of
the FA maps of subjects were aligned by using nonlinear registra-
tion. Then, a mean FA image was created and thinned to generate
amean FA skeleton, which represents the center of all tracts com-
mon to the group. We registered each subject’s parametric diffu-
sion (MD, RD, and AD) and kurtosis images (MK, RK, and AK)
into the same space as the FA, applying the same nonlinear regis-
tration used for the previously processed FA images, and pro-
jected them onto the skeleton. To perform group comparisons
(patients with NMO versus healthy controls), we determined vox-
elwise cross-subject statistics for each parameter, by using permu-
tation-based inference with 5000 permutations and threshold-
free cluster enhancement with a threshold of P < .05, corrected
for multiple comparisons, by using family-wise error correction.
Areas with significantly altered parameters in patients with NMO
compared with healthy controls were identified by the Johns
Hopkins University White Matter Tractography Atlas (http://
cmrm.med.jhmi.edu/) (Fig 2).

Region-of-Interest-Based Group Analysis. Second, a region-of-
interest-driven analysis was performed by 2 experienced neuro-
scientists (F.C.R.L. and T.M.D., each with 7 years of experience)
by placing hand-drawn ROIs on the splenium and genu of the CC,
corticospinal tract in the cerebral peduncles, and ORs on the B0
maps of each subject by using OsiriX (Version 4.1.2; http://
www.osirix-viewer.com). The purpose of this second a priori
analysis was to corroborate the TBSS analysis, by choosing specific
regions where alterations were expected according to a previous
report.* The ROIs positioned in the CC, corticospinal tract, and
OR had areas of 0.25, 0.15, and 0.29 cm?, respectively. Then the
ROIs were automatically propagated within OsiriX software to all
DKI and DTT maps.

Statistical analysis was performed with the R statistical
computing software (http://www.r-project.org). Normality
was tested by applying the Kolmogorov-Smirnov test. The
Cronbach o was used to evaluate the interrater reliability.
Group analysis (Student ¢ test) was performed to test for dif-
ferences between the control and NMO groups. P < .05 was
considered statistically significant.



FIG1. Parametric DKI maps of 1subject. Common diffusion parameters FA, AD, RD, and MD (upper row). Diffusional kurtosis parameters AK, RK,

and MK (lower row).

Correlation between DTl and DKI Parameters. To compare con-
ventional diffusion and DKI parameters, we calculated the Pear-
son correlation coefficient for all ROIs defined in the second anal-
ysis of each subject that were drawn by 1 rater (T.M.D.). A
correlation coefficient of r > 0.7 was considered a strong correla-
tion, and a coefficient of 0.5 < r < 0.7 was considered a moderate
correlation.

RESULTS
Tract-Based Spatial Statistics

DTI. All results are listed in the On-line Table and illustrated in
Fig 2. Reductions in FA were found in the CC (splenium and
body), bilateral ORs, inferior fronto-occipital and superior longi-
tudinal fascicules, and left internal capsule (all P < .05). MD and
RD were increased in the CC (splenium, body, and genu); bilat-
eral ORs; anterior, posterior, and superior corona radiata; inferior
fronto-occipital and superior longitudinal fascicules; and bilateral
corticospinal tracts in the frontal lobe (all P < .05). AD was in-
creased in the CC (splenium, body, and genu), left anterior co-
rona radiata, bilateral superior longitudinal fascicules, and bilat-
eral ORs (all P < .05).

DKI. RKwas decreased in the splenium, body, and genu of the CC
(P < .05) and the right anterior corona radiata (Fig 2). A tendency
(P <.1) for RK reduction was observed in both ORs. Tendencies

for MK reduction (P < .1) were found in the body and genu of the
CC and in the superior corona radiata. AK showed no significant

alteration.

Region-of-Interest Analysis

The results of Cronbach a to evaluate the interrater reliability
are listed in the Table. All values showed acceptable, good, or
excellent interrater reliability (a« = 0.7), expect for 2 values.
One value was questionable (a = .6432, right corticospinal
tract, MD), and one was poor (a = .5438, left corticospinal
tract, MD).

The On-line Table lists the results of group comparisons.
Only regions in which the parameters showed a significant
increase or decrease or altered tendency are shown, and only
significant P values with an underlying normal distribution are
reported.

DTI. Rater 2 found that FA was reduced in the left OR of patients
with NMO compared with controls (P <.05). Both raters found that
MD was increased (P < .05) in the genu of the CC in patients with
NMO. RD and AD were increased in the same regions (P < .05).

DKI. In patients with NMO, both raters found that MK was de-
creased in the left OR (P < .05). Rater 1 found that MK was
increased (P <.05) in the corticospinal tract of the right peduncle,
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whereas rater 2 observed only a tendency of increase (P = .056) Correlation between DTI and DKI Parameters Based on

compared with controls. Both raters found that RK was decreased ~ Region-of-Interest Analysis

in the left OR (P < .05). Rater 1 found that RK was decreased in ~ Strongnegative correlations were found in the genu and splenium

the CC splenium (P < .05), whereas rater 2 found the same result ~ of the CC between RK and MK (r = —0.709, P < .0001 and r =

in the genu of the CC (P < .05). No significant alterations in AK ~ —0.881, P < .0001, respectively) and between MD and RD (r =

were observed. —0.752, P < .0001 and r = —0.821, P < .0001, respectively).
There was a moderate negative correla-
tion between AK and AD in the bilateral
ORs (r = —0.523, P = .006 and r =
—0.584, P = .002, respectively). A mod-
erate positive correlation was found be-
tween FA and MK in the genu and sp-
lenium of the CC (r = 0.549, P = .003 and
r = 0.677, P < .0001, respectively). A
strong positive correlation was found be-
tween FA and RK in the splenium of the
CC (r = 0.763, P < .0001), and a moder-
ate positive correlation was found in the
genu of the CC and the left OR (r = 0.673,
P <.0001 and r = 0.610 P < .001, respec-
tively). FA and AK were not correlated
significantly.

DISCUSSION

In this study, we analyzed the WM in pa-
tients with NMO compared with healthy
controls by applying the novel DKI tech-
nique, by using both TBSS (which re-
quires no a priori hypothesis) and a re-
gion-of-interest-driven approach (which
uses an a priori hypothesis). Within TBSS,
several DTI and DKI parameters were al-
tered significantly in extensive WM tracts,
but the only kurtosis parameter that was
altered significantly was RK. Within the
region-of-interest analysis, the DTI pa-
rameters FA, MD, RD, and AD showed
significant alterations in some ROIs. The
kurtosis parameters RK and MK were
altered significantly. Negative correla-
tions were found between several kurto-
sis and diffusion parameters. A decrease

FIG 2. TBSS analysis. Significance P maps, corrected for multiple comparison, for DTI and DKI of RK corroborates the presence of
parameters are overlaid color-coded on the skeleton and mean FA image. In green, the mean FA
skeleton, where statistical analysis was performed. The following areas are significantly reduced Lopes et al* previously found signif-
in patients with NMO compared with controls: FA (red-yellow) and RK (blue), or significantly
higher, MD (yellow), AD (red), RD (blue).

demyelination."*
icant changes of DTI parameters by a

Interrater reliability test for ROI-based analysis®

@g cc OR OR CsT CsT

Genu Splenium R L R L « Interpretation
FA 0.9604 0.9958 0.9265 0.9374 0.8504 0.9494 a=.9 Excellent
MD 0.910 0.9493 0.8010 0.781 0.6432 0.5438 8=a<9 Good
AD 0.9292 0.9299 0.8983 0.9440 0.9290 0.9829 7=a<38 Acceptable
RD 0.9134 0.9506 0.8401 0.8776 0.8415 0.7905 b=a<l7 Questionable
MK 0.8635 0.9367 0.7894 0.8703 0.9294 0.8332 S5=a<.6 Poor
AK 0.9072 0.9526 0.8589 0.7864 0.8164 0.7967 a<b5 Unacceptable
RK 0.8968 0.9407 0.8669 0.9446 0.9495 0.961

Note:—CST indicates corticospinal tract; R, right; L, left.
#The Cronbach a for each ROI, DTI, and DKI parameter is listed.
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TBSS analysis in patients with NMO. They observed significant
reductions in FA in the CC, ORs, internal and external cap-
sules, corona radiata, and cerebral peduncles and significant
increases in RD in the CC, corona radiata, and centrum semi-
ovale. They also found a highly significant negative correlation
between FA and RD (r = —0.976, P < .0001). In the present
study, we found a significant FA reduction in those regions,
except for the corticospinal tract in the cerebral peduncles. We
detected a significant increase in RD in the CC, corona radiata,
and centrum semiovale. We found a strong negative correla-
tion between FA and RD in all ROIs, except in the left OR, in
which the correlation was moderate and negative. We found a
strong positive correlation between FA and RK in the splenium
of the CC and moderate positive correlations in the genu of the
CC and the left OR. These findings support the hypothesis that
the WM damage in patients with NMO is more related to de-
myelination (RK) than axonal degeneration (AK). This hy-
pothesis was previously stressed in histologic studies,'®*°
which showed that the demyelination process could take place
even before axonal death.>°

Cheung et al'* demonstrated that RK is highly sensitive to
brain maturation due to myelination and, therefore, to its in-
verse effect, demyelination. Myelin sheath reduction increases
the possibility of water diffusion in a direction perpendicular
to the nerve fibers, thereby increasing RD and decreasing RK.
We observed a significant decrease in RK in the CC and ORs
(P = .028 and P = .011 for raters 1 and 2, respectively, by
region-of-interest analysis; P < .1 by TBSS). The observed
strong negative correlation between RK and RD in the genu
and splenium of the CC supports the hypothesis that demyeli-
nation is related to a decreased RK and increased RD. Further-
more, MK was increased in the corticospinal tract at the pe-
duncle (P = .047 and P = .56 by raters 1 and 2, respectively;
there was no TBSS result in this area) (without representation
on MD maps). This finding might be related to an initial in-
flammatory process in which high cellularity could restrict
overall diffusion, with the diffusion distribution becoming
more non-Gaussian and the MK increasing.

Recently, Litt et al'® provided estimates of DKI for various
cerebral regions in healthy brains and compared them with DTI
parameters. They found a strong positive correlation between MK
and FA in WM (r = 0.81, P < 10~ °) and a strong negative corre-
lation between RK and RD (r = —0.95, P < 10 °). In the present
study, we found a moderate positive correlation between MK and
FA and a strong negative correlation between RK and RD in the
splenium and genu of the CC.

Our study had some limitations. During the skull-stripping
process by the DKI software, regions in the cerebral peduncle were
misclassified as skull in some subjects. In TBSS, after averaging the
subject’s images to generate a mean FA image, black regions ap-
peared in some cases, and cross-subject statistical analysis was
compromised. Unfortunately, the sensibility threshold that deter-
mines the degree of skull-stripping was not adjustable within the
software version used to reconstruct the DT and DK parametric
maps. This aspect of the TBSS analysis might explain why TBSS
was unable to detect the significant increase of MK in the right
corticospinal tract in the cerebral peduncle.

Another limitation may be the incorrect placements of ROIs
during region-of-interest-driven analysis. However, we included
this analysis because it is based on a priori data and allowed the
comparison with results of previous studies because a TBSS anal-
ysis of DKI had not been performed to date, to our knowledge.
Moreover, the results of the region-of-interest analysis could ver-
ify the TBSS results. The limitation of the region-of-interest anal-
ysis (lack of multiple-comparison correction) was overcome by
the TBSS analysis by doing a family-wise error multiple compar-
ison correction.

Another limitation was the suboptimal acquisition resulting
from the sequence applied, which consisted of b-values of only 1
b=0,30b = 1000, and 30 b = 2000. Noise is a general problem in
diffusion MR imaging acquisitions, and its effects have been in-
vestigated extensively.?! Using higher b-values in DKI acquisi-
tions increases the sensitivity of the measurement to noise and,
therefore, the possibility that the diffusion and kurtosis parameter
estimates will vary from their true values, causing erroneous in-
ferences. A better understanding of the effects of noise on DKI
would be helpful in interpreting DKI results. Finally, because
NMO is an uncommon disease, the patient population is quite
heterogeneous when considering clinical data and treatment op-
tions; this heterogeneity is another limitation to our study, and
these findings should be replicated in a different group to validate
our results.

CONCLUSIONS

This study demonstrated significant differences in diffusion and
kurtosis parameters in patients with NMO compared with healthy
controls. Conventional diffusion parameters such as FA, MD, RD,
and AD were more sensitive to the disease than kurtosis parame-
ters. Only RK was significantly reduced, while MK presented a
reduction tendency. AK did not show alterations. Kurtosis pa-
rameters were inversely correlated with the corresponding diffu-
sion parameters. RK and MK correlated positively with FA. Fur-
ther studies are necessary to prove the benefit of DKI parameters
as biomarkers for patients with NMO.
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MR Imaging of Subcallosal Artery Infarct Causing Amnesia
after Surgery for Anterior Communicating Artery Aneurysm
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ABSTRACT

BACKGROUND AND PURPOSE: During surgery to treat an aneurysm in the anterior communicating artery, injury to the subcallosal artery,
a perforator of the anterior communicating artery, may lead to infarction that produces basal forebrain amnesia after surgery. Our purpose
was to examine whether 3D MR imaging can detect subcallosal artery infarction in patients with amnesia after surgery for an anterior
communicating artery aneurysm.

MATERIALS AND METHODS: We evaluated 3D-T2-weighted MR images obtained a median of 4 months after treatment of anterior
communicating artery aneurysm for the presence of infarcted foci in 10 consecutive patients with postoperative amnesia. Because the
subcallosal artery and its neighboring perforator, the recurrent artery of Heubner, were considered the most easily affected vessels during
that surgery, we focused mainly on 8 regions of the subcallosal artery territory per hemisphere and 5 regions of the recurrent artery of
Heubner territory per hemisphere.

RESULTS: All10 patients had infarcts in the territory of the subcallosal artery (median, 9 regions per patient), and most were bilateral (9 of
10 patients). Five patients had additional infarcted foci in the territory of the recurrent artery of Heubner (median, 1region per patient), all
unilateral. Among the regions perfused by the subcallosal artery, the column of the fornix was involved in all patients; the anterior
commissure, in 9; and the paraterminal gyrus, in 8 patients.

CONCLUSIONS: 3D MR imaging revealed subcallosal artery infarction, the distribution of which was mostly bilateral, presumably
owing to the unpairedness of that artery, in patients with postoperative amnesia after anterior communicating artery aneurysm
repair.

ABBREVIATIONS: ACoA = anterior communicating artery; IQ = full-scale intelligence quotient; MQ = general memory quotient; RAH = recurrent artery of
Heubner; VISTA = volumetric isotropic turbo spin-echo acquisition

ince the 1950s, amnesia sufficient to affect quality of life has
been repeatedly reported in patients following surgical repair
of anterior communicating artery (ACoA) aneurysms.'”® On the
basis of descriptions from the 1970s of the perforating branches
from the ACoA,” much indirect evidence indicates that the am-
nesia is caused by damage or occlusion of the perforators of the
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ACoA, and this is known as ACoA syndrome.>®* Gade'® linked
vascular damage of the perforators from the ACoA during surgery
with postoperative amnesia not directly, but clearly. In brief, the
author found that postoperative amnesia occurred more fre-
quently in cases of trapping the ACoA (82% of 11 patients) than in
clipping the aneurysmal neck (16% of 37 patients). The author
presumed that trapping the ACoA, which completely disrupted
the blood supply through perforators from the ACoA, resulted in
a high prevalence of postoperative amnesia. Another report from
a postmortem examination of a patient with amnesia following a
ruptured and repaired ACoA aneurysm revealed infarctions in the
basal forebrain bilaterally, and the author concluded that infarc-
tion was caused by an inadvertent sacrifice of the perforators of
the ACoA, which presumably was responsible for the patient’s
amnesia."'

Several authors have suspected that the amnesia is caused by
occlusion or damage of the subcallosal artery, among the perfo-
rating arteries of the ACoA.">"'® The artery is the largest unpaired

AJNR Am J Neuroradiol 35:2293-301 Dec 2014 www.ajnr.org 2293



FIG 1. Anatomy of the subcallosal artery and RAH and their supplying basal forebrain regions. A, Specimen shows the subcallosal artery. The
unpaired subcallosal artery (arrowheads) originates from the posterosuperior aspect of the ACoA, divides into 2 stems, and ascends dorsally
into the lamina terminalis (LT) cistern, then curves upward and forward along the LT, paraterminal gyrus (PTG), subcallosal area (SbA), the rostrum
(CCr) and genu (CCg) of the corpus callosum, and the anterior cingulate gyrus (CGa), thus exhibiting a characteristic S-shaped curve. OC indicates
optic chiasm. B, Illustrative figure of the subcallosal artery (arrowheads) supplying the basal forebrain on the basis of our previous study
regarding the microsurgical anatomy of the artery." The subcallosal artery originates from the posterosuperior aspect of the ACoA, ascends
dorsally into the LT cistern, and supplies the 8 regions of the basal forebrain as follows: preoptic area (POpA), PTG including a part of the septum
pellucidum (SP), SbA, anterior commissure (AC), and column of fornix (FxCo), then curves forward and upward to supply the CCr, CCg, and CGa.
FM indicates foramen of Monro; MB, mammillary body; A2, A2 segment of the anterior cerebral artery; 3V, third ventricle. C, Specimen of the
anterior cerebral and ACoA complex injected with methacrylic resin viewed from the posterior side. The subcallosal artery (arrowheads) is seen
arising from the ACoA, Al, right and left Al segments, and A2, right and left A2 segments, of the anterior cerebral arteries. D, Coronal
microangiogram of the RAH on both sides and the unpaired subcallosal artery (reproduced, with permission, from Takahashi S, Goto K, Fukasawa
H, et al. Computed tomography of cerebral infarction along the distribution of the basal perforating arteries. Part I. Striate arterial group.
Radiology 1985;155:107-18). Both internal carotid arteries have been retracted inferiorly to demonstrate the cisternal course of the RAH (red
arrows), which follows a curved or tortuous course along the Alsegment of the anterior cerebral artery (white arrows). The branches of the RAH
are distributed to a part of the basal forebrain. The subcallosal artery (arrowhead) is also seen arising from the ACoA (yellow arrow).

one with a diameter of approximately 0.5 mm and perfuses the  the origin of this artery suggests the possibility of arterial injury
medial and ventral cerebral hemispheres (basal forebrain) bilat-  during surgery (On-line Fig 1).
erally (Fig 1)."*'° The proximity between ACoA aneurysms and In a review of 17 neurosurgical outcome studies (including
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Table 1: Patient demographic data and summary of neuropsychological findings

Patient 1 2 3 4 5 6 7 8 9 10
Age (yr) (sex) 52/M 42/M 39/M 45/M  54/M  45/M  69/M  55/M  39/M  59/F
Ruptured/unruptured R R R R R R u R R u
CT grade® 3 4 3 3 4 3 NA 4 4 NA
Treatment Trap Clip Clip 2nd Clip Clip Clip Clip Clip Clip Clip
Months from treatment® 2 4 4> 3 13 3 3 5 3 4
MMSE® 24 25 26 28 25 28 26 24 23 27
Q¢ 82 97 m 110 120 106 102 83 89 92
MQ® 58 59 68 92 92 87 86 64 68 67
1Q minus MQ 24 38 43 18 28 19 16 19 21 25
Attention/concentration 81 80 n4 138 131 15 15 91 94 133

<50 <50 <50 <50 64 73 62 <50

Note:—R indicates ruptured; U, unruptured; MMSE, Mini-Mental State Examination; IVH, intraventricular hemorrhage in the bilateral lateral ventricles; Trap, trapping; Clip,
clipping; NA, not applied; WAIS-IIl, Wechsler Adult Intelligence Scale Ill; WMS-R, Wechsler Memory Scale-Revised.

2CT grade, proposed by Claassen et al*® classifies the severity of aneurysmal subarachnoid hemorrhage on CT scans at onset into 5 grades from 0 to 4, according to the
appearance of both of SAH and intraventricular hemorrhage in the bilateral lateral ventricles: grade 0, no SAH or IVH; grade 1, minimal SAH, no IVH; grade 2, minimal SAH, with
IVH; grade 3, thick SAH, no IVH; grade 4, thick SAH, with IVH. In this scaling, the definition of “thick” is “completely filling” =1 cistern or fissure. In 2 patients with unruptured

Delayed recall <50 <50

aneurysm (patients 7 and 10), grading was not applied.

® Months after second clipping.

€ MMSE, used to assess cognitive impairment (full score 30).*°
91Q evaluated by the Wechsler Adult Intelligence Scale 111

€ MQ, general memory quotient, attention/concentration quotient, and delayed recall quotient, evaluated by Wechsler Memory Scale-Revised."” Each quotient has a mean of
100 in the normal population and an SD of 15. A substantial difference between IQ (by the WAIS-IIl) and MQ (by the WMS-R) scores indicates that the person with amnesia has

a particular impairment in memory—but not in the “intelligence” per se.*®

504 patients) of ruptured and repaired ACoA aneurysms, the di-
agnosis of basal forebrain amnesia has been made mainly by neu-
ropsychological examination alone, thereby leading to a large va-
riety of prevalences ranging between 3% and 83%.'” Meanwhile,
in the reports that provided imaging findings in cases with post-
operative amnesia of an ACoA aneurysm, most used CT scans
and/or 2D MR imaging (with relatively thick section thickness) and
did not clarify the exact location of the infarcts inside the basal
forebrain, probably because of low image resolution and me-
tallic artifacts from clips placed during surgery.>>>

Our purpose was to test the hypothesis that 3D MR imaging
can detect subcallosal artery infarction in patients with amnesia
after ACoA aneurysm surgery.

MATERIALS AND METHODS
Patients
Our institutional review board approved this retrospective obser-
vational study, and written informed consent was waived. From
December 2007 to March 2013, 14 consecutive patients with am-
nesia following surgical treatment of an ACoA aneurysm visited
the behavioral neurology service of our hospital and underwent
3T 3D MR imaging examinations. Patients were examined by be-
havioral neurologists and underwent neuropsychological exami-
nations, including the Wechsler Adult Intelligence Scale I11'* and
Wechsler Memory Scale-Revised.'® Of the 14 patients, we enrolled
10 patients who showed a substantial difference between the full-
scale intelligence quotient (IQ) on the Wechsler Adult Intelli-
gence Scale IIT and general memory quotient (MQ) on the
Wechsler Memory Scale-Revised scores; IQ — MQ > 15, indicat-
ing that the person with amnesia had a particular impairment in
memory but not in “intelligence” per se*® [IQ — MQ = 26
(mean), 18—43 (range), all > 15]. Patient demographic data and
a summary of neuropsychological findings are shown in Table 1.
The 10 patients included 8 with ruptured and 2 with unruptured
ACoA aneurysms.

Neuropsychological examinations and 3D MR images reviewed

in this study were performed a median of 4 months (range, 2-13
months) from aneurysm treatment. Each set of examinations was
conducted within a month of the other. This delayed timing of
examinations was considered desirable for neuropsychological
memory assessment because such assessment in the acute phase
(from 1 to 6 weeks) after the aneurysmal rupture would hardly be
valid, with the diagnosis of amnesia being difficult due to both a
state of confusion, including disorientation, and intellectual dis-
turbance.!” Indeed, amnesia did not manifest for some time in 7
patients after treatment of the ruptured ACoA aneurysms (surgi-
cal clipping in 6 patients and trapping of the ACoA in another);
however, amnesia became apparent as the patients recovered
from acute-stage illness. In contrast, 2 patients with unruptured
ACoA aneurysms (patients 7 and 10) developed amnesia imme-
diately after surgery. The tenth patient (patient 3) underwent clip-
ping of an ACoA aneurysm the day following the rupture and was
doing well when approximately 3 weeks later, postoperative CT
angiography disclosed a remnant of the aneurysm lumen. After a
second surgery, the patient immediately presented with amnesia.

MR Imaging Examination
In all 10 patients, MR imaging examinations were performed a
median of 4 months (range, 2-13 months) from aneurysmal
treatment by using a 3T machine (Achieva 3T Quasar Dual im-
ager; Philips Healthcare, Erlangen, Germany) with an 8-channel
sensitivity encoding head coil. All patients underwent a sagittal
3D volumetric isotropic turbo spin-echo acquisition (VISTA) of
T2-weighted imaging, axial 3D magnetization prepared rapid ac-
quisition of gradient-echo, conventional axial T1-, T2-, and T2*-
weighted, fluid-attenuated inversion recovery imaging, and time-
of-flight MR angiography. VISTA provides high-resolution
volumetric T2-weighted images with a turbo spin-echo acquisi-
tion and produces fewer metallic artifacts from aneurysmal clips
than the fast-field echo acquisition.

The parameters for T2ZWI-VISTA were the following: TR/TE,
4000/180 ms; FOV, foot to head, 224 mm, anterior to posterior,
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Table 2: Infarction in each vascular territory on MR imaging for 10 patients®

Patient No. (R/L)

5 6 7 8 9 10

R L R L R L R

Vascular territory

Subcallosal(n=8) + + + + + + + +

RAH (n = 5) +
Unspecified (n =3) + +

+ o+ o+ o+ + o+ 4+ + o+ o+ o+
+ + o+ +
+ + o+ o+ o+ o+

Note:—R/L indicates right and left hemisphere; +, infarcted focus present in a vascular territory; blank space, sparing of the territory.

2 For vascular territories of subcallosal, RAH, and unspecified, refer to Fig. 2.

224 mm, right-to-left, 164 mm; acquisition voxel size, foot to
head, 0.56 mm, anterior to posterior, 0.56 mm, right-to-left, 0.80
mm; reconstruction voxel size, foot to head, 0.44 mm, anterior to
posterior, 0.44 mm, right-to-left, 0.40 mm; echo-train length,
111; number of signal averages, 1. VISTA uses the low-refocusing
flip angle scheme to reduce initial signal modulations during the
first few echoes by setting the flip angle at 130° for the first refo-
cusing pulse and 80° for succeeding refocusing pulse trains.>' We
used sensitivity encoding or parallel imaging with a speed-up fac-
tor of 6.0 (2 in the anterior to posterior, 3 in the right-to-left
direction). Total acquisition time was 8 minutes 16 seconds. We
obtained T2WI-VISTA images in the sagittal plane for acquisition
within a clinically reasonable scanning time.

The parameters for MPRAGE were the following: TR/TE, 6.6/
3.0 ms; FOV, foot to head, 176 mm, anterior to posterior, 224
mm, right-to-left, 204 mm; acquisition voxel size, 1/1/1 mm; re-
construction voxel size, 0.5/0.5/0.5 mm; echo-train length, 226;
number of signal averages, 1; flip angle, 8°. The total scan duration
was 5 minutes 13 seconds.

In addition to the 3D images obtained in the chronic phase as
described, 3 patients underwent MR imaging in the acute stage
after treatment at outside hospitals by using 1.5T machines
(Signa; GE Healthcare, Milwaukee, Wisconsin). The images were
sent to us later for review: MR imaging including diffusion-
weighted imaging immediately after surgery in 2 patients with
unruptured ACoA aneurysms and MR imaging 1 week after a
second surgery in another patient.

Evaluation of MR Imaging Findings

On multiplanar reconstruction images, 2 experienced neuroradi-
ologists blinded to neuropsychological assessments, with 25 (S.T.)
and 15 (S. Mugikura) years’ experience, identified and localized
infarctions by consensus.

Basal forebrain anatomy was identified on MPRs such as in
On-line Fig 2, by referencing multiple coronal brain specimens
with detailed diagrams (with 0.7- to 1.5-mm intersectional gap)
by Mai et al.>> Regarding the vascular territories of infarction, we
referenced descriptions of arterial supply of the basal forebrain in

162324 and specifically focused on

the radio-anatomic literature
the following 16 regions of the basal forebrain per hemisphere: 8
regions of the territory of the subcallosal artery (anterior cin-
gulate gyrus; anterior commissure; column of the fornix;
paraterminal gyrus, including a part of the septum pellucidum;
preoptic area; rostrum and genu of the corpus callosum; and
subcallosal area).'”'® Because the recurrent artery of Heubner
(RAH), which usually originates on both sides around the

junction of the ACoA and the anterior cerebral artery (Fig
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1),>>%¢ is also considered at high risk of injury from treatment

of ACoA aneurysms, 5 regions of the territory of the RAH were
also included in this analysis (anterior limb of the internal
capsule, caudate nucleus, globus pallidus, nucleus accumbens,

2426:27 Three additional neighboring regions

and putamen).
with unspecified vascular supply (bed nucleus of the stria ter-
minalis, diagonal band of Broca, and substantia innominata)
were reviewed for infarction.

Excluding 4 regions completely obscured by artifacts from an-
eurysmal clips, we examined 316 unobscured or nearly unob-
scured regions. As well, we recorded infarctions outside the above
16 regions in the basal forebrain.

We also examined which part of the column of the fornix the
infarction affected (ie, the pars libera, including both post- and
precommissural fibers, and the pars tecta just posterior to the
anterior commissure [On-line Fig 3]).

Atrophy of the mammillary body is known to correlate posi-
tively with severity of damage to the ipsilateral column of the
fornix from Wallerian degeneration.”® Therefore, 2 other neu-
roradiologists, with 15 (T.M.) and 10 (K.T.) years’ experience
and blinded to the purpose of the evaluation, also examined
the mammillary bodies for possible atrophy and its relation-
ship to the presence or absence of infarctions in the column of
the fornix.

RESULTS

All 10 patients had infarcted foci in the territory of the subcallosal
artery, and 9 patients had bilateral foci (Table 2). In contrast, only
5 patients had infarcted foci in the territory of the RAH, all uni-
lateral (patients 1, 5, 8, 9, and 10). Infarcted foci in the territories
of unspecified arteries were found in 6 patients. Foci of 3 pa-
tients (patients 2, 4, and 7) were limited to the territory of the
subcallosal artery and did not involve the territories of the
RAH or unspecified arteries. No patients had infarcted foci in
the territory of the RAH alone without foci in the territory of
the subcallosal artery.

In 2 patients with unruptured aneurysms, DWI performed the
day after the surgery showed acute infarcted foci in the basal fore-
brain. The foci were later confirmed by the 3D MR imaging to
involve the unilateral territory of the subcallosal artery but not of
the RAH in 1 patient (patient 7) and the bilateral territories of the
subcallosal artery and the unilateral RAH territory in the other
(patient 10). In another patient with a second clipping surgery,
thin-section CT preoperatively showed no lesions in the basal
forebrain but DWI performed 1 week after a second surgery
showed acute infarcted foci in the basal forebrain. 3D MR imaging



FIG 2. Summary of the infarcted foci on MR images in each region according to the vascular supply. The number on each bar graph represents
the number of hemispheres in which infarcted foci of each region were found. Eight regions of the subcallosal artery: column of the fornix
(FxCo), anterior commissure (AC), paraterminal gyrus (PTG), subcallosal area (SbA), genu of the corpus callosum (CCg), rostrum of the
corpus callosum (CCr), anterior cingulate gyrus (CGa), and preoptic area (POpA). Five regions of the RAH: caudate nucleus (Cd), anterior
limb of the internal capsule (ICa), putamen (Pt), nucleus accumbens (NAc), and globus pallidus (GP). Three other regions defined as the
regions of unspecified vascular supply: diagonal band of Broca (DBB), bed nucleus of the stria terminalis (BNST), and substantia innominata
(SI). The asterisk indicates that metallic artifacts from aneurysmal clips completely obscured the SbA in 2 hemispheres of 2 patients
unilaterally and DBB in 1 patient bilaterally. Number sign indicates that “other frontal” represents the frontal lobe other than the

orbitofrontal and basal forebrain region.

later disclosed bilateral infarcts in the territory of the subcallosal
artery (patient 3).

Infarctions were most common in 3 regions in the territory of
the subcallosal artery (Fig 2)—the column of the fornix, anterior
commissure, and paraterminal gyrus (detailed MR imaging find-
ings of 10 patients are in the On-line Table). The column of the
fornix was involved in all 10 patients (19 hemispheres, bilaterally
in 9 patients, unilaterally on the left in 1 patient). In the 19
hemispheres with fornix involvement, the pars libera was af-
fected in all, while the pars tecta was affected in 15 (79% of 19)
hemispheres.

Bilateral involvement of the anterior commissure in 7 patients
demonstrated a characteristic bow-tie-like appearance (Figs 3 and
4); unilateral involvement in 2 patients showed an incomplete
bow-tie-like appearance (On-line Fig 4). All 7 patients with bow-
tie-like involvement of the bilateral anterior commissure had in-
farcts bilaterally in the adjoining pars libera of the column of the
fornix, with associated infarcts in the pars tecta that were bilateral
in 5 and unilateral in 2. Two patients had a lesion of the anterior
commissure on only the left side, which therefore displayed an
incomplete bow-tie-like appearance: They also had infarcted foci
in the pars libera and pars tecta unilaterally on the left in 1 patient

(patient 7, On-line Fig 4) and bilaterally in the other patient (pa-
tient 5). One patient had no involvement of the anterior
commissure.

The paraterminal gyrus was involved bilaterally in 6 patients
and unilaterally in 2, and the subcallosal area was involved bilat-
erally in 3 and unilaterally in 5 patients.

The corpus callosum was involved in the genu bilaterally in
5 patients and in the rostrum bilaterally in 3 and unilaterally in
4 patients. The anterior cingulate gyrus was involved bilaterally
in 2 and unilaterally in 5 patients. These infarcted foci were
located along the medial aspect of the brain and almost in line
with associated lesions in the paraterminal gyrus and column
of the fornix. This anteroposterior extent of involvements was
observed on axial and sagittal MR images (Fig 4).

Of 3 regions with the unspecified vascular supply, the diagonal
band of Broca was most frequently involved (35%, 7 of 20 hemi-
spheres; 50%, 5 of 10 patients). Of regions outside the basal fore-
brain, the orbitofrontal region was most frequently involved
(60%, 12 of 20 hemispheres; 90%, 9 of 10 patients).

Definite atrophy of the mammillary body was seen in 15 (79%)
of 19 hemispheres with infarcted regions in the column of the
fornix. We considered the mammillary body to be nonatrophied
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patterns in the cases described in this
study are compatible with the suggestion
of previous neurosurgical and neuro-
psychological studies that occlusion of
the subcallosal artery could cause post-
operative amnesia.

We believe that the relationship be-
tween surgical damage of the subcallosal
artery and amnesia is particularly appar-
ent in 3 patients who presented with am-
nesia immediately after surgery. In 2 pa-
tients with unruptured aneurysms and
another with a second clipping surgery,
DWT revealed acute lesions that were con-
firmed later by 3D MR imaging to involve
the territory of the subcallosal artery. In
all, the involvement in the basal forebrain
was obviously caused by vascular damage
during surgery.

This was a small study and may not
be considered definitive to conclude that
occlusion or damage of the subcallosal ar-
tery during surgery causes bilaterally dis-
tributed infarction and produces postop-
erative amnesia. However, this hypothesis
would be extremely difficult to prove, un-
less a correlation was found between pre-
serving a given artery and lack of amne-

FIG 3. A 45-year-old who man presented with a ruptured aneurysm of the anterior communi-
cating artery. Surgical clipping of the aneurysm was performed the day of onset (patient 4).
Neuropsychological examination 3 months after the rupture confirmed amnesia. The imaging
anatomy of the basal forebrain is detailed in On-line Fig 2: paramedian sagittal (A), coronal (B),
and axial (C) and its next superior section (D), volumetric isotropic turbo spin-echo acquisition of
T2WI (T2WI-VISTA) images shows infarcted foci in the midline (light blue arrows) and parame-
dian parts (dashed light blue arrows) of the anterior commissure along with the pars libera (red
arrows) and pars tecta (dashed red arrows, C) of the columns of the fornices. Note that on
coronal (B) and axial (C) images, infarcted foci in the bilateral anterior commissure show a
characteristic bow-tie-like appearance and are associated with the infarcted foci in the adjoin-
ing bilateral pars libera and pars tecta of the column of the fornix. Other than the columns of the
fornix and anterior commissure, no other regions are involved in the basal forebrain. The or-
bitofrontal region and temporal tip on the left were also involved, presumably damaged by the

sia. We believe the data that we present
in this study are strong and appear to
answer, to a reasonable degree, an im-
portant clinical question that has per-
sisted for several decades. The causal re-
lationship is apparent if we consider
acutely developed amnesia immediately
after surgery with postsurgically devel-
oped infarcts in the territory of the

surgical procedure of the aneurysmal clipping (not shown).

in 2 hemispheres of 2 patients (patients 2 and 4) in which the
mammillary body was compressed or deformed by the elongated
posterior cerebral artery or the basilar artery. In a patient with
unilateral fornix involvement by infarction in the left hemisphere,
atrophy of the mammillary body was seen only in the left hemi-
sphere (patient 7).

DISCUSSION

Subcallosal Artery Infarct Causing ACoA Syndrome or
Amnesia

We found infarcted foci in the territory of the subcallosal ar-
tery in all 10 patients with amnesia following treatment of
ACoA aneurysms, and in 9 patients, the infarcted foci were
bilateral. Meanwhile, 5 patients had additional infarcted foci in
the territory of the RAH, and its involvement was always unilat-
eral. This difference between bilateral and unilateral involvement
may be explained by the fact that the subcallosal artery is un-
paired, whereas the RAH is present on both sides. Thus, infarct
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subcallosal artery in our 3 patients and

the presence of infarcted foci in the
same vascular territory in all the remaining 7 patients with
amnesia following treatment of ACoA aneurysms.

Sites Responsible for Postoperative Amnesia

What structures of the basal forebrain are responsible for postop-
erative basal forebrain amnesia? This question remains to be an-
swered. Because our study included no control group without
amnesia, we cannot draw a definitive conclusion. However, con-
sidering the affected regions in our cases, the column of the fornix,
a constituent of the Papez neuronal circuit (On-line Fig 3), seems
the most likely responsible site for the amnesia. The same hypoth-
esis has been suggested in the literature: Infarction relatively lim-
ited to the bilateral columns of the fornices on DWI has been
separately reported in 4 patients with spontaneous stroke and

acute onset of amnesia,>®?

in a patient with amnesia following
clipping,” and in another following coiling of an unruptured

ACoA aneurysm.>*



FIG 4. A 52-year-old man presented with a ruptured aneurysm of the anterior communicating
artery. Surgical trapping of the ACoA for the ruptured ACoA aneurysm was performed the day
of onset (patient 1). Neuropsychological examination 2 months after the rupture confirmed
amnesia. Midsagittal (A), coronal (B), and axial (C and D) images of T2WI-VISTA show the in-
farcted foci involving the pars libera of the column of the fornix (B and D, solid red arrows) and
anterior commissure (A-C, light blue arrows), paraterminal gyrus (A and D, yellow arrows),
subcallosal area (C, green arrow), and genu or rostrum of the corpus callosum (A and D, orange
arrows). The entire extent of the lesions shows sagittally elongated bandlike infarctions along
the medial aspect of the brain, which probably represent the distribution of the characteristic
S-shaped course of the subcallosal artery. On coronal (B) and axial (C) images, infarction in the
bilateral anterior commissure shows a bow-tie-like appearance and is associated with infarcted
foci in the adjoining pars libera (solid red arrows) and pars tecta (dashed red arrows) of the
bilateral columns of the fornices. Lateral extension of hyperintense lesions along the lateral part
of the anterior commissure (B, dashed light blue arrows) may indicate Wallerian degeneration
of the midline infarction in the anterior commissure (solid light blue arrow). Infarction in the
head of the caudate nucleus on the right is also seen (white arrows, C and D), which presumably
represents involvement of the right recurrent artery of Heubner. The orbitofrontal region is also
involved (A, white arrow).

because it enabled us to localize the le-
sions responsible for basal forebrain am-
nesia after ACoA aneurysmal treatment.

Still, we noted the high prevalence of
infarctions in the orbitofrontal area in our
study. The lesions in this area designated
as infarction in this study could have in-
cluded the sequelae of intraparenchymal
hemorrhage associated with the aneurys-
mal rupture and/or partial surgical resec-
tion being necessary to visualize the
ACoA aneurysmal neck during surgery.*®
Several neuropsychological studies, how-
ever, indicated that the lesions in the or-
bitofrontal area alone did not cause
amnesia.>***”

Alternatively, several reports attrib-
uted basal forebrain amnesia to interrup-
tion of the cholinergic system."*'"*® In-
deed, in our patients, infarction in the
paraterminal gyrus in 8 and in the diago-
nal band of Broca in 5 suggests likely in-
volvement of the cholinergic system. Ad-
ditionally, lesions in the pars libera of the
column of the fornix, which include cho-
linergic fibers, in all our patients might
also indicate interruption of the cholin-
ergic system.

Diagnostic Value of 3D MR Imaging
in Patients with Basal Forebrain
Amnesia

Because previous diagnosis of basal fore-
brain amnesia has been made mainly by the
neuropsychological examination alone or
by using CT and/or 2D MR imaging, de-
tailed localization of lesions has not been
achieved. In our study, in contrast, use of
3T 3D MR imaging enabled identification
and localization of small infarcts, and we
believe identifying the exact locations of
infarcts in the basal forebrain should help

Furthermore, a recent study of diffusion tensor imaging in
patients after treatment of a ruptured ACoA aneurysm also spec-
ulated that amnesia might be related to injury of the cingulum and
the fornix.>> However, the authors did not analyze the sites of
lesions or present the neuropsychological data of their cases. On
the contrary, all our patients demonstrated infarction in the col-
umn of the fornix and underwent formal neuropsychological
tests, which indicated their disproportionate impairment of
memory but only limited intellectual decline [IQ — MQ = 26
(mean), all > 15]. We included only patients with relatively pre-
served intellectual function because diffuse brain damage owing
to hydrocephalus and vasospasm could worsen generalized intel-
lectual function with resultant memory impairment. Therefore,

our manner of enrolling subjects may be a strength of our study

clarify the diagnosis of post-treatment amnesia following surgery
for ACoA aneurysms.

Specifically, 2 MR imaging signs appeared characteristic: The
first, the bow-tie-like appearance of infarcts, seen on both axial
and coronal MR images, represents bilateral involvement of the
anterior commissure associated with infarcted foci in the column
of the fornix (pars libera and pars tecta). The second sign, a sag-
ittally elongated infarction along the medial aspect of the brain on
axial or sagittal MR imaging planes that involves the anterior cin-
gulate gyrus, genu, and/or rostrum of the corpus callosum, should
represent the sagittally elongated vascular distribution along the
characteristic S-shaped course of the subcallosal artery (Fig 1A,
-B). We believe both signs are important MR imaging indicators
of amnesia associated with ACoA aneurysm treatment.
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Although it may be possible to perform the same analysis by
using conventional 2D 2- or 3-mm coronal imaging with/without
axial images, we presume that 3D MR imaging by using MPR
could more easily identify small structures in the basal forebrain.
Indeed, a recent neuropsychological study by Proust et al® re-
vealed the high prevalence of verbal memory deficits (58.3%)
among 36 patients with variably decreased intellectual function
after ACoA clipping. Regarding verbal memory deficits, Gug-
lielmi'* stated, in his letter to the editor, that ACoA syndrome is
likely due to occlusion of the subcallosal artery. In the series of
reports by Proust et al using thin-section 1.5T 2D MR imaging
(axial FLAIR images, 5-mm-thick; axial T2-weighted images,
2-mm-thick; axial T1-weighted images, 2.5-mm thick; and coro-
nal T2-weighted images centered on the frontal and temporal
areas, thickness not shown), the prevalence of the basal forebrain
lesions was 33.3% in 36 patients. However, the authors did not
clarify the exact location of lesions inside the basal forebrain. We
believe that high-resolution 3D T2WI might be desirable for this
kind of study.

Limitations
Our study limitations include a small number of patients and lack
of a control group without symptoms of amnesia. Another limi-
tation is that DWI was examined in the acute phase in 3 cases only,
whereas in the remaining 7 patients with ruptured aneurysms,
acute-phase DWI was not performed, presumably because the
onset of amnesia after surgery was unnoticed or unrecognized due
to associated acute illness. Further studies of a large number of
consecutive patients treated surgically or interventionally for
ACoA aneurysms, preferably by using both DWI in the acute
phase and 3D MR imaging in the chronic phase along with formal
neuropsychological examinations, remain to be conducted.

Another limitation is that we did not analyze the more detailed
memory test, including retrieval or encoding. This analysis might
clarify the relationship between the lesions and neuropsycholog-
ical characteristics of postoperative amnesia.

The last limitation is the subjective evaluation by 2 examiners
of atrophy of the mammillary bodies without volumetry.

CONCLUSIONS

We described 3D MR imaging findings in patients with amnesia
following surgical treatment of ACoA aneurysms: infarctions in
the territory of the subcallosal artery, mostly with bilateral in-
volvement. In these cases, infarct patterns were compatible with
previous neurosurgical and neuropsychological studies suggest-
ing that occlusion of the subcallosal artery could cause postoper-
ative amnesia. From a neurosurgical point of view, our results
indicate that preservation of that artery during treatment of an
ACoA aneurysm should be crucial, though further studies involv-
ing a large number of consecutive patients treated for ACoA an-
eurysms must be conducted to validate this hypothesis.
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ORIGINAL RESEARCH
BRAIN

Susceptibility-Weighted MR Imaging: A Better Technique
in the Detection of Capillary Telangiectasia
Compared with T2* Gradient-Echo

U.S. Chaudhry, D.E. De Bruin, and B.A. Policeni

ABSTRACT

BACKGROUND AND PURPOSE: Enhancing lesions on brain MR imaging can present a diagnostic quandary as both benign lesions such as
brain capillary telangiectasia and pathologic lesions such as demyelination may appear similar. Stagnation of blood in low-flow venous
channels of brain capillary telangiectasias results in susceptibility effect secondary to the increased local deoxyhemoglobin. Both T2*
gradient-echo imaging and SWI were demonstrated as valuable in the diagnosis of brain capillary telangiectasia. Because SWI is more
sensitive to susceptibility changes than gradient-echo, we aim to demonstrate increased diagnostic value of SWI compared with gradient-
echo in making the diagnosis of brain capillary telangiectasia.

MATERIALS AND METHODS: We retrospectively reviewed the MR images of 17 patients with a presumed diagnosis of brain capillary
telangiectasia and who were examined from June 2010 to September 2012. All patients underwent MR imaging at 1.5T with T1, T2, FLAIR,
gradient-echo, SWI, and gadolinium-enhanced T1 sequences. Lesions were evaluated for the presence or absence of signal abnormality on
each particular sequence.

RESULTS: All17 brain capillary telangiectasias demonstrated distinct signal-intensity loss on SWI compared with 7 of 17 (41%) who showed
signal-intensity loss on gradient-echo. The increased frequency of detection using SWI versus gradient-echo is statistically significant (z =
2.85, P < .0%; x* = 8.0, P < .01). Six of the lesions showed signal-intensity changes on Tl and/or T2 whereas the remaining lesions were
isointense to normal brain.

CONCLUSIONS: Brain capillary telangiectasias are more conspicuous on SWI than gradient-echo imaging and other precontrast MR
imaging. SW! is a valuable tool in diagnosing these benign lesions and should serve to increase diagnostic confidence.

ABBREVIATIONS: BCT = brain capillary telangiectasia; GRE = gradient-echo

previous publications have addressed utility of gradient-echo
(GRE) and DWI for BCT diagnosis.> SWI is a relatively new
concept relying on susceptibility effect secondary to the increase

B rain capillary telangiectasia (BCT) is considered the most be-
nign vascular malformation in the brain.' This is usually in-
cidental as it is almost always asymptomatic.” It is described as

having an inconspicuous appearance on precontrast MR imaging
with faint or brush-like enhancement on postcontrast imaging.>*
Its importance lies in the fact that it may be confused with much
more serious pathologies such as metastasis, acute demyelination,
and subacute infarction.” This issue is only going to become more
of a challenge with increased quality of MR imaging and increas-
ing field strengths, which will increase susceptibility effects. A few
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in local deoxyhemoglobin.® SWI has been shown to be more sen-
sitive to magnetic field susceptibility than GRE.” There does re-
main a need for a study to compare the sensitivity of SWI versus
GRE images when it comes to diagnosing a BCT with certainty.

The purpose of the study was to demonstrate an increased
diagnostic value of SWI compared with GRE in making the diag-
nosis of BCT. Comparison to other modalities such as T2-
weighted imaging and DWI were also made.

MATERIALS AND METHODS

Subjects were selected using a keyword search for “capillary tel-
angiectasia” on all MR imaging radiology reports with a date
range from June 1, 2011 (coinciding with the initial implementa-
tion of SWI on our MR scanners) to September 30, 2012. This
yielded 209 studies. Individual studies were then reviewed in con-



sensus by 2 board-certified radiologists, 1 with a Certificate of
Added Qualification in neuroradiology. T1, T2, SWI, GRE, and
postcontrast images were all reviewed to establish the diagnosis of
BCT. A total of 17 patients with lesions meeting diagnostic criteria

Table 1: Comparison of detection of capillary telangiectasia
among different sequences

No. of Patients

Imaging Sequence Detected (n =17)

Tl 1(5.9%)

T 6 (35.3%)
FLAIR 6 (35.3%)
GRE 7 (412%)
SWI 17 (100%)

Table 2: Distribution of BCT according to location in the study
No. of Patients

Location with BCT (n =17)
Pons 8 (47.0%)
Cerebral hemispheres, excluding gray 6(35.3%)
matter nuclei
Deep supratentorial gray matter nuclei 1(5.9%)
Cerebellum 1(5.9%)
Midbrain 1(5.9%)

for BCT who also underwent SWI were found. No patients un-
derwent biopsy or surgical resection of these BCTs.

Imaging was done on 1.5T MR scanners (Avanto; Siemens,
Erlangen, Germany). All patients underwent standard MR imag-
ing including axial spin-echo T1- and T2-weighted imaging,
FLAIR, DWI, T2*-GRE, SWI, and postcontrast fat-saturated axial
T1-weighted imaging. Intravenous gadobenate dimeglumine
(MultiHance; Bracco Diagnostics, Princeton, New Jersey) was ad-
ministered at a concentration of 0.1 mmol/kg.

RESULTS
Seventeen lesions meeting diagnostic criteria for BCT were iden-
tified in 17 patients. All 17 BCTs demonstrated distinct signal-
intensity loss on SWI (Table 1). Figure 1-3 represent the spectrum
oflesions seen, varying from some seen only on SWI, to some seen
inboth. Seven of the total 17 (41%) demonstrated signal-intensity
loss on GRE imaging. Six of the lesions showed signal-intensity
changes on T1 and/or T2, whereas the remaining lesions were
isointense to normal brain (Table 1). Most of the lesions were in
the pons, 47% (Table 2).

A McNemar test for dependent proportions was used for
statistical analysis.® Increased frequency of detection by SWI

FIG1. ABCT (circle) not seen on GRE image (A) but seen on SWI (B) and postcontrast T1image (C).

FIG 2. ABCT (circle) seen more clearly on SWI. A, GRE image; B, SWI; C, postcontrast T1image.
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FIG 3. A BCT (circle) seen in the pons on both GRE (4) and SWI (B) and confirmed on postcontrast T1image (C).

versus GRE was statistically significant (z = 2.85, P < .01; x*> =
8.10, P < .01).

DISCUSSION
BCT is a benign vascular malformation consisting of a cluster of
thin-walled capillaries intermixed with normal brain paren-
chyma, differentiating it from a cavernous malformation, which
has no normal brain parenchyma."® It is relatively rare, having a
reported prevalence of 0.4%, and represents 16%—20% of cerebral
vascular malformations."® These have a predilection for the pons
but have been uncommonly reported in other locations.'® Of our
17 cases, 8 (47.0%) BCT's were in the pons with the others distrib-
uted in other locations of the brain (Table 2). Although there are
a few case reports of this entity being symptomatic,”> BCTs are
almost invariably asymptomatic.'® With improvement in MR im-
aging field strength, the detection of these slow-flowing lesions is
increasing, creating an increasing dilemma for differentiating
them from other postcontrast enhancing lesions such as demyeli-
nation, subacute infarction, and neoplasm.1’9

Susceptibility in MR imaging is defined as the magnetic re-
sponse of a substance when placed in an external magnetic field.
SWI, which was first described in 1997, is a high-resolution 3D
gradient-echo MR imaging sequence that uses magnitude and
phase information to create an image from T2*-contrast and
phase changes relying on magnetic susceptibility."' BCTs show
increased susceptibility effects” and signal loss on SWI in a focal
lesion, in which enhancement is highly specific for a BCT.” As
these lesions rarely have hemorrhage or calcifications, slow flow
and increased quantities of deoxyhemoglobin are thought to be
the causes of increased susceptibility.'®

Finkenzeller et al® showed that GRE sequences were particu-
larly useful in detecting BCTs. Lee et al® demonstrated DWI can
also be useful for BCT detection. A case report in 2006 by Yoshida

1'2 found a BCT that was occult on GRE but showed signal loss
113

eta
on SWI. A retrospective study in 2012 by El-Koussy et al > exam-
ined 33 cases of BCT and found that 100% showed signal loss on
SWI whereas only 39% showed changes on T1 and T2 images.
Our series compared frequency of detection of BCT for SWI ver-
sus GRE. In our series, we found no examples of BCT where GRE
was positive and SWI was negative. BCTs were more conspicuous
on SWI than GRE and other precontrast MR imaging. Of the 17
patients whom we studied, only 7 were diagnosed on GRE imag-
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ing. Our findings suggest that diagnostic certainty has the poten-
tial to increase for focal enhancement when SWI is performed
instead of GRE alone. This is most likely related to the fact that
SWI is more sensitive to the susceptibility effects that BCT is
known to cause.'® This is because this sequence additionally relies
on phase changes."!

Our study was done on 1.5T scanners and recent studies have
clearly showed increased susceptibility with increased strength of
magnetic field.'* Future studies can focus on higher field
strengths, possibly with 3T and using a bigger number of patients.

CONCLUSIONS

BCT is a potential diagnostic dilemma; increased diagnostic cer-
tainty can reduce morbidity and unnecessary testing. In our se-
ries, we found no examples of BCT where GRE was positive and
SWI was negative. BCTs were more conspicuous on SWI than
GRE and, in some cases, were picked up when GRE was negative.
SWI therefore appears superior to GRE in the detection of BCT
and, though still in its early stages, the initial research shows the
addition of SWI has the potential to increase the likelihood of
diagnosing BCT and decreasing misdiagnosis.
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Gadolinium Enhancement of Atherosclerotic Plaque in the
Middle Cerebral Artery: Relation to Symptoms and
Degree of Stenosis

C.-W. Ryu, G.-H. Jahng, and H.S. Shin

ABSTRACT

BACKGROUND AND PURPOSE: High-resolution MR imaging can depict intracranial arterial atherosclerotic plaques. Our aim was to
evaluate the relationship between the degree of enhancement of MCA plaques on contrast-enhanced high-resolution MR imaging and
ischemic stroke and stenosis severity.

MATERIALS AND METHODS: This study enrolled 36 patients diagnosed with moderate-to-severe atherosclerotic MCA stenosis. A
contrast-enhanced Tl-weighted volume isotropic turbo spin-echo acquisition sequence was acquired for assessing plaque enhancement.
Plaque-to-CSF contrast ratio was calculated after the signal intensity of plaques at the stenotic segment was measured. Univariate
comparison and multivariate logistic regression analyses were performed for symptomatic and asymptomatic groups to assess the
relationship between symptomatic stenosis and independent variables, including plaque-to-CSF contrast ratio, degree of stenosis, and
clinical risk factors. Plaque-to-CSF contrast ratio was compared between the moderate and severe stenosis groups.

RESULTS: Twenty-one patients had symptomatic MCA stenosis, and 15 had asymptomatic stenosis. The plaque-to-CSF contrast ratio was
significantly higher in the symptomatic group than in the asymptomatic group (63.6 = 10.6% versus 54.1  13.5%, respectively; P <.05). The
degree of stenosis also differed significantly between the 2 groups (P <<.05). Multivariate analysis revealed that the degree of stenosis was
the only independent predictor of ischemic stroke symptoms. The plaque-to-CSF contrast ratio of severe stenosis was significantly higher
than that of moderate stenosis (66.8 + 8.7% versus 55.9 % 12.8%, respectively; P < .05).

CONCLUSIONS: Plaque enhancement was significantly higher in patients with symptomatic plaques and may have been affected by the
degree of stenosis. A difference in plaque enhancement according to the degree of stenosis has implications for understanding the
development of intracranial atherosclerotic plaques.

ABBREVIATIONS: CR = plaque-to-CSF contrast ratio; Gd = gadolinium; HR-MRI = high-resolution MR imaging; ICAD = intracranial atherosclerotic disease;
SI = signal intensity; WASID = Warfarin Aspirin Symptomatic Intracranial Disease

Intracranial atherosclerotic disease (ICAD) is now considered
the most common cause of ischemic stroke worldwide."* It is a
challenge for many clinicians to assess vulnerable regions of in-
tracranial artery stenosis by using in vivo methods. As a result,
there has been a recent increase in interest in techniques to depict
the state of the intracranial artery wall by using high-resolution
MR imaging (HR-MRI) with a high magnetic field.
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Inflammation increases vulnerability to plaque rupture by fa-
cilitating neovascularization within the plaque and increasing en-
dothelial permeability. Strong contrast enhancement of arterial
plaques on MR imaging suggests the presence of a vascular supply
and increased endothelial permeability, which facilitate the entry
of contrast agents from the blood plasma.”® Several studies have
shown that gadolinium (Gd) enhancement of extracranial carotid
plaques on MR imaging is associated with plaque neovasculariza-
tion or increased levels of serum inflammatory markers such as
C-reactive protein.” '® An association between carotid plaque en-
hancement and clinical symptoms has been observed in several
recent investigations by using Gd-enhanced MR imaging.>'!

In contrast to the numerous investigations that have been per-
formed on the carotid artery, only a few studies performed on a
small number of patients have focused on the clinical significance
of Gd enhancement of plaques in the setting of ICAD."*'* These
studies identified a significant association between plaque en-



hancement on ICAD and ischemic events. However, there is some
debate about whether contrast enhancement is a good predictor
of intracranial stenosis in ischemic stroke. Klein et al'® expressed
doubt about the relationship between plaque enhancement and
stroke because they found stationary enhancement of basilar
plaques regardless of the time elapsed after an acute event.

Several factors are known to be related to ischemic stroke in
the territory of the stenotic segment.'®!” In particular, the sever-
ity of stenosis is a strong predictor of subsequent stroke in the
territory of the symptomatic stenotic artery. To assess whether Gd
enhancement of plaques at the stenotic segment is valuable as a
predictor of ischemic stroke, an unbiased assessment of the influ-
ence of other independent factors, including the degree of steno-
sis, should be undertaken. Thus, the purpose of this study was to
evaluate whether Gd enhancement of plaques in ICAD is associ-
ated with clinical symptoms, independent of other predictive fac-
tors for ischemic stroke risk.

MATERIALS AND METHODS

Subjects

This study was approved by the local ethics committee. Patients
with acute neurologic symptoms underwent an acute stroke MR
imaging protocol and postcontrast HR-MRI between August
2011 and October 2012. Before MR imaging, all subjects provided
informed consent to undergo MR imaging with the use of con-
trast media. The radiologic findings from the MR imaging were
reviewed, and those subjects who had unilateral M1 stenosis of
>70% on TOF-MRA and =2 risk factors for atherosclerosis were
enrolled in the study.

After reviewing patient medical records and MR imaging find-
ings, we excluded patients who met the following criteria: 1) a
high risk of carotid artery-to-artery embolism (ipsilateral ICA ste-
nosis of >50%); 2) a high risk of cardioembolism (eg, atrial fibril-
lation, prosthetic cardiac valve); 3) vascular disease of other clin-
ically and/or radiologically suspected etiology, such as Moyamoya
disease, vasculitis, or dissection; 4) known coagulopathies (eg,
protein C or S deficiency, antiphospholipid antibody syndrome);
5) ipsilateral acute lacunar infarction (single acute ischemic lesion
of <2 c¢m at the basal ganglia or the corona radiata) at sites of
MCA stenosis; 6) T1 hyperintensity within the stenotic MCA rep-
resenting intraplaque hemorrhage and/or intraluminal thrombus
on MPRAGE MR imaging; and 7) poor MRA or HR-MRI image
quality, making the image nondiagnostic or difficult to analyze
quantitatively.

Forty-two subjects met all inclusion criteria. However, 4 pa-
tients with ipsilateral cavernous ICA stenosis and 2 patients with
ipsilateral cervical carotid stenosis were excluded. None of the
patients were excluded due to either intraluminal thrombus or
poor image quality. In total, 36 subjects (mean age, 68.69 = 12.21
years; 17 males) were enrolled in this study.

MR Imaging

MR imaging was performed on a 3T MR imaging system
(Achieva; Philips Healthcare, Best, the Netherlands) with a 16-
channel phased array neurovascular coil. The MR imaging stroke
protocol included the following: T1-weighted MPRAGE sagittal
imaging with presaturation of inflowing blood, axial DWI, T2-

weighted FLAIR axial imaging, TOF-MRA, and contrast-en-
hanced neck MRA. To evaluate plaques in the MCA, we added to
the stroke protocol postcontrast HR-MRIs that were obtained
axially at the circle of Willis, as shown on TOF-MRA. Contrast-
enhanced HR-MRIs were acquired with 3D T1-weighted volume
isotropic turbo spin-echo acquisition axial imaging with presatu-
ration of inflowing blood to obtain black-blood images. Scans
were started with an approximately 4-minute delay time, includ-
ing the scan time for contrast-enhanced neck MRA after injection
of contrast media. We used the following HR-MRI parameters:
TR = 350 ms, TE = 19.51 ms, flip angle = 90°, refocusing angle =
120°, acquisition matrix = 240 X 240, FOV = 120 X 120, 3D slab
thickness = 13 mm, in-plane pixel size = 0.5 X 0.5 mm, overcon-
tiguous section thickness = 2 mm, reconstruction matrix =
352 X 352, reconstruction voxel size = 0.34 X 0.34 X 1 mm,
reconstruction section thickness = 1 mm, foldover direction =
anteroposterior, signal average = 2, TSE factor = 3, sensitivity
encoding factor = 2 for the phase-encoding direction and 1 for
the section-selection direction, number of stacks = 2 for each of
the 13 sections, transverse presaturation thickness = 80 mm, total
scan time = 184 seconds.

Clinical Data Assessment

Subjects were classified as having either symptomatic stenosis or
asymptomatic stenosis according to the presence of recent isch-
emic stroke consistent with MCA stenosis. Symptomatic stenosis
was defined as a diffusion-restrictive lesion seen on DWT in the
territory of the stenotic MCA with a corresponding acute neuro-
logic deficit within 2 weeks before MR imaging. Asymptomatic
stenosis was diagnosed in patients with nonspecific neurologic
symptoms (headache, dizziness, and so forth) that were not local-
ized to the ipsilateral side of the MCA stenosis and who had no
observations of any ischemic lesion on DWI. Patients with acute
ischemic lesions localized to the territory of the posterior circula-
tion, the anterior cerebral artery, or the contralateral MCA were
considered to have asymptomatic MCA stenosis.

Clinical data, including basic demographics and risk factors
for atherosclerosis, namely diabetes, hypertension, dyslipidemia,
current smoking, obesity, and history of coronary disease, were
also recorded.

MR Imaging Assessment

According to the distribution of acute ischemic lesions on DWI,
infarctions in the symptomatic group were classified as border-
zone, striatocapsular, or pial embolic, according to the previously
published topographic definition of DWIL.'® The degree of MCA
stenosis was classified as severe or moderate according to TOF-
MRA findings. Severe stenosis was defined as a flow signal defect
at the stenotic segment (Fig 1). Moderate stenosis was defined as
stenosis of >70% that did not meet the criteria for severe stenosis
(Fig 2). Although MRA is considered a relatively accurate diag-
nostic tool for grading intracranial artery stenosis,'>*° interpre-
tations of MRA generally show a tendency to overestimate the
degree of stenosis. The criterion for moderate stenosis based on
MRA was therefore set to >70%, thus modifying the Warfarin
Aspirin  Symptomatic Intracranial Disease (WASID) angio-
graphic criterion for moderate stenosis (>50%).>' The degree
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FIG 1. A 73-year-old man with severe MCA stenosis (A, long arrow) who presented with
multifragmented infarctions at the ipsilateral MCA territory. Postcontrast MR image shows

attenuated enhancement of the plaque (B, small arrows).

FIG2. An 88-year-old woman with asymptomatic moderate MCA stenosis (4, long arrow) has

relatively little enhancement of MCA plaques (B, small arrows).

of stenosis was measured by the WASID method** by careful
review and consensus of 2 raters (a neuroradiologist and a
neurosurgeon).

The degree of enhancement was quantified by drawing ROIs
on the contrast-enhanced HR-MRI. ROIs were ovoid or linear
and placed to cover the plaques in a manner that was consistent
with the stenotic segment of the MCA on MRA by a neuroradi-
ologist. To increase the reliability of the ROIs, the rater measured
the signal intensity (SI) 3 times with a region-of-interest drawing
and then averaged the SI values. The plaque-to-CSF contrast ratio
(CR) was calculated by using the following equation®’:

CRpIaque—lo—CSF (0/0) = (SIplaque - SICSF) X 100/(SIplaque + SICSF)’

where SI ... is plaque ST and Sl is CSF SI measured by man-
ual drawing of the round region of interest at the suprasellar cis-
tern or Sylvian cistern. When drawing the region of interest to
measure SI gy, the neuroradiologist was careful not to include any

vessels within the cisternal space.

Statistical Analyses

To evaluate the difference between symptomatic and asymptom-
atic groups, we compared radiologic findings (stenosis degree and
CR) and clinical parameters between the 2 groups by using uni-
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variate methods (2-sample t test or Fisher
exact test). Stepwise multivariate logistic
regression analysis was used to assess how
independent variables, including clinical
risk factors, degree of stenosis, and CR,
were related to the presence of acute
symptoms. CR was compared between
moderate and severe stenosis cases by us-
ing the 2-sample t test. A Pvalue <.05 was
considered statistically significant.

RESULTS

Of the 36 subjects enrolled in our study,
21 (mean age, 69.7 = 11.9 years; 10 men)
were classified as having symptomatic ste-
nosis and 15 (mean age, 67.3 £12.9 years;
7 men) were classified as having asymp-
tomatic stenosis. Among the 21 cases of
symptomatic stenosis, 10 were subcatego-
rized as pial embolic infarctions, 7 were
considered borderzone infarctions, and 4
were striatocapsular infarctions. Eleven of
the symptomatic cases (52%) had moder-
ate stenosis, and 10 (48%) had severe ste-
nosis. The mean CR for symptomatic ste-
nosis was 63.64 = 10.56%. Among 15
subjects with asymptomatic stenosis, 8
subjects had acute infarctions in inconsis-
tent areas and 7 did not have any ischemic
lesions or symptoms. Thirteen subjects
(87%) were considered to have moderate
stenosis, and 2 (13%) had severe stenosis.
The mean CR for asymptomatic stenosis
was 54.09 * 13.49%.

Univariate comparisons of radiologic
and clinical variables showed that the CR of the symptomatic
stenosis group was significantly higher than that of the asymp-
tomatic stenosis group (P = .029; 95% CI, 0.99-17.27) (Fig 3A).
The Fisher exact test showed that the frequency of severe stenosis
was significantly higher in the symptomatic group than in the
asymptomatic group (P = .039). Demographic variables and ath-
erosclerotic risk factors were not significantly different between
the 2 groups (Table). Multivariate logistic regression analysis re-
vealed that the severity of MCA stenosis was the only statistically
significant independent predictor of ischemic stroke symptoms
(odds ratio = 7.15; 95% CI, 1.28-39.83; P = .025).

In total, there were 24 patients with moderate stenosis and 12
with severe stenosis. The mean CRs of patients with moderate and
severe stenosis were 55.91 = 12.82% and 66.78 = 8.70%, respec-
tively. The CR for patients with severe stenosis was significantly
higher than that of those with moderate stenosis (P = .010; 95%
CI, 2.74-19.01) (Fig 3B).

DISCUSSION

In this study, Gd enhancement of MCA plaques was associated
with the degree of stenosis and ischemic stroke in the territory of
the stenotic segment; the degree of stenosis was also associated
with clinical symptoms. Although there was a positive relation-



FIG 3. A, Comparison of the plaque-to-CSF contrast ratio between asymptomatic and symp-
tomatic stenosis groups. Mean CRs for asymptomatic and symptomatic stenosis are 54.09 *=
13.49% and 63.64 = 10.56%, respectively. B, Comparison of CRs between moderate and severe
MCA stenosis. Mean CRs for moderate and severe stenosis are 55.91 * 12.82% and 66.78 =

8.70%, respectively.

Comparison of asymptomatic and symptomatic stenosis groups®

degree of stenosis. Our findings suggested
that higher grades of stenosis had greater
enhancement that was not causally re-
lated to infarction but was instead simply
caused by stenosis. Therefore, in order for
Gd plaque enhancement in ICAD to be
used as a predictor of ischemic stroke, a
prospective trial should be designed in
which risk and control groups have simi-
lar degrees of stenotic severity, or en-
hancement should be assessed in patients
with equivalently stenotic bilateral plaques
in the same location in the setting of unilat-
eral acute infarction.

There was a difference in plaque en-
hancement in relation to the degree of ste-
nosis. This finding can be explained in 3
ways: First, the role of the vasa vasorum
should be considered. Unlike extracranial
arteries, which are surrounded by solid
tissue, intracranial arteries have little-
to-no vasa vasorum.>*** This finding is
consistent with the hypothesis that the
vasa vasorum in the intracranial artery

o Symptomatic Asymptomatic ,  does not necessarily have an obligatory
Characteristics Stenosis (n = 21) Stenosis (n = 15) P Value role in lesion development during the
Age (yr) 69.7 £1.9 673 £129 28 early stages of atherosclerosis. As athero-

Sex, male 10 7 1.00 .

Risk factor sclerosis progresses to an advanced stage,
HTN 13 (62%) 12 (80%) 29 the vasa vasorum develops in the proxi-
DM 8 (38%) 8 (53%) 49 mal-to-distal segments. The vasa vaso-
Dyslipidemia 12 (57%) 1(73%) 48 rum in the distal segments sometimes de-
Current smoking 8 (38%) 4(27%) 72 velops independently®® and may play an
Ol 1(52%) > (33%) 32 important role in plaque growth. This hy-
CHD 2(10%) 2(13%) 1.00 ) :

MCA stenosis pothetic process is supported by a post-
Site 12 right, 9 left 4 right, Tl left 09 mortem study that reported that the vasa
Degree® Tl moderate, 10 severe 13 moderate, 2 severe <.05 vasorum was more frequently developed
CR (%) 63.64 £10.56 54.09 =13.49 <.05 in aged patients with severe atherosclero-

Note:—CHD indicates coronary heart disease; DM, diabetes mellitus; HTN, hypertension.

#Values are presented as numbers (%). Age and CR are presented as means.
® P values were calculated by the t test and Fisher exact test.

“The degree of stenosis was the only independent variable that survived multivariate logistic regression analysis

(odds ratio = 7.15; 95% Cl, 1.28-39.83; P = .025).

ship between plaque enhancement and the presence of acute isch-
emic lesions in the territory of the MCA, this relationship did not
survive multivariate logistic regression analysis.

The degree of stenosis in ICAD is known to be a reliable pre-
dictor of ischemic stroke. A prospective study conducted by the
WASID trial group in 339 patients with ICAD revealed a strikingly
higher prevalence of recurrent stroke in the territory of the ste-
notic segment in patients with severe stenosis than in patients
with moderate stenosis.'® The fact that symptomatic plaques were
more likely to be more severe than asymptomatic plaques in terms
of the degree of stenosis introduces a simple bias that could have
affected the results: A larger plaque mass is more likely to show
greater enhancement or to make enhancement more obvious or
detectable given the still-limited resolution of the technique. We
were, therefore, not able to confirm that contrast enhancement of
plaques is a predictive factor for stroke risk independent of the

sis.>> Second, inflammatory changes that
occur within plaques during plaque
growth may also explain the strong en-
hancement of severe stenosis. A histo-
pathologic-radiologic correlation study
of the extracranial carotid artery showed that Gd enhancement
was significantly associated with neovascularization, macro-
phages, and loose fibrosis within plaques.” This finding explains
the positive relationship between Gd enhancement and both the
severity of stenosis and clinical symptoms. Third, CR may in-
crease with increased wall thickness, regardless of inflammatory
and neovascular changes, simply by virtue of the decreased vol-
ume averaging with the surrounding CSF with an increase in ves-
sel wall thickness.

Weaknesses of this study were the low number of subjects
and the retrospective design. The lack of both pathologic cor-
relation and conventional angiography is another major limi-
tation. Because the primary management for ICAD at our in-
stitution is medical therapy, pathologic confirmation or
diagnostic angiography is strictly limited, even for symptom-
atic lesions.
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CONCLUSIONS

This study demonstrated that the enhancement of plaques in the
intracranial artery was closely related to the severity of stenosis.
This relationship may be due to different degrees of neovascular-
ity or permeability according to plaque progression. Because ste-
notic degree may be simultaneously associated with plaque
contrast enhancement on MCA and clinical symptoms, the pre-
viously reported relationship between plaque enhancement and
stroke derived from univariate comparisons should be reconsid-
ered. To settle the debate about the predictive value of plaque
enhancement in the setting of intracranial atherosclerosis, further
studies are required to compare symptomatic and asymptomatic
subjects with similar degrees of stenosis severity.
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ORIGINAL RESEARCH
BRAIN

Preoperative Prognostic Value of MRI Findings in 108 Patients
with Idiopathic Normal Pressure Hydrocephalus

). Virhammar, K. Laurell, K.G. Cesarini, and E.-M. Larsson

)

ABSTRACT

BACKGROUND AND PURPOSE: MR imaging is used in the diagnostic evaluation of patients with idiopathic normal pressure hydroceph-
alus. The aim of this study was to describe the prevalence of several imaging features and their prognostic use in the selection of shunt
candidates with idiopathic normal pressure hydrocephalus.

MATERIALS AND METHODS: Preoperative MR imaging scans of the brain were retrospectively evaluated in 108 patients with idiopathic normal
pressure hydrocephalus who had undergone a standardized, clinical evaluation before and 12 months after shunt surgery. The MR imaging
features investigated were the Evans index, callosal angle, narrow sulci at the high convexity, dilation of the Sylvian fissure, diameters of the third
ventricle and temporal horns, disproportionately enlarged subarachnoid space hydrocephalus, flow void through the aqueduct, focal bulging of the
roof of the lateral ventricles, deep white matter hyperintensities, periventricular hyperintensities, and focal widening of sulci and aqueductal stenosis.

RESULTS: In logistic regression models, with shunt outcome as a dependent variable, the ORs for the independent variables, callosal angle,
disproportionately enlarged subarachnoid space hydrocephalus, and temporal horns, were significant (P < .05), both in univariate analyses
and when adjusted for age, sex, and previous stroke.

CONCLUSIONS: A small callosal angle, wide temporal horns, and occurrence of disproportionately enlarged subarachnoid space hydro-
cephalus are common in patients with idiopathic normal pressure hydrocephalus and were significant predictors of a positive shunt
outcome. These noninvasive and easily assessed radiologic markers could aid in the selection of candidates for shunt surgery.

ABBREVIATIONS: DESH = disproportionately enlarged subarachnoid space hydrocephalus; DWMH = deep white matter hyperintensities; ICC = intraclass correlation
coefficient;iNPH = idiopathic normal pressure hydrocephalus; NPH = normal pressure hydrocephalus; PYH = periventricular hyperintensities; SINPHONI = Study of Idiopathic

Normal Pressure Hydrocephalus on Neurological Improvement

diopathic normal pressure hydrocephalus (iNPH) is a disease of
the elderly population, with symptoms of balance and gait dis-
turbances, dementia, and urinary incontinence; and in approxi-
mately 8 of 10 patients, the symptoms are reversible after shunt
insertion."? Several imaging methods have been used in the
diagnosis and selection of shunt candidates, but the standard
method at present is MR imaging. Even though advanced func-
tional imaging methods are being considered, the clinical eval-
uation of patients with iNPH still often relies on morphologic
findings.
However, whether morphologic findings on preoperative im-
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aging are of prognostic value is controversial, and there is no
consensus regarding which MR imaging sequences and variables
to evaluate in the selection of shunt candidates. In addition, it is
not fully clear how the radiologic features are related to each other
and to the symptoms. Previous studies have often involved a lim-
ited number of patients and a mixed sample of both idiopathic
normal pressure hydrocephalus and normal pressure hydroceph-
alus (NPH) secondary to a brain insult.

Therefore, we investigated 108 patients who had undergone
shunt surgery for INPH, with the aim of describing the occurrence
and prognostic value of 13 different radiologic variables and the
relation between MR imaging findings and clinical symptoms.

MATERIALS AND METHODS

Materials

The sample consisted of 108 patients with iNPH who underwent
shunt surgery between 2006 and 2010 at the authors’ hospital.
Median age at the time of surgery was 74 years (range, 54—88
years); 58 (54%) were men and 50 (46%) were women. Inclusion
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criteria were a preoperative MR imaging examination of the brain
and a clinical evaluation before and at 12 months after shunt
surgery. All patients had ventricular enlargement and gradually
evolving symptoms, including a gait disturbance with or without
cognitive decline or urinary incontinence. Patients with second-
ary NPH were excluded. During the follow-up period, 29 patients
had various types of shunt complications and 5 patients had com-
plications related to comorbidity. The sample is described in de-
tail in a previous study.’

Clinical Evaluation

Patients referred to Uppsala University Hospital because of clin-
ical and radiologic symptoms of NPH were evaluated prospec-
tively before surgery and at follow-up 12 months postoperatively
by a multidisciplinary team specialized in hydrocephalus. A neu-
rologist performed a clinical and neurologic evaluation, including
a medical history covering intracranial hemorrhage, meningitis,
or trauma or other causes of secondary hydrocephalus. All pa-
tients were assessed according to a prospective, standardized pro-
tocol developed to follow symptoms with time and to measure the
outcome after shunt surgery. The cognitive function was tested
with the Mini-Mental State Examination; urinary symptoms,
with 1 ordinal continence scale*; motor function, with 1 ordinal
balance scale* and 1 ordinal gait scale*; and we also used 3 tests in
which time and the number of steps were measured. The latter
included walking 10 m at a self-chosen speed, a Timed Up and Go
Test, and walking backward 3 m.

A shunt responder was defined as a patient improved in any of
the following 3 criteria:

1) Motor function of =1 level on the gait or balance scale or
=20% reduction in the time or the number of steps in
=50% of the 3 tests

2) Cognition =4 levels in the Mini-Mental State Examination

3) Continence scale =1 level and improvement in the Mini-
Mental State Examination score of =2 levels.

A dichotomous variable shunt outcome was created and
used as a dependent variable in the logistic regression. The
modified Rankin Scale was used as a measure of general hand-
icap level.

Imaging

Forty-one (38%) of the preoperative MR imaging examinations
were performed at the authors’ hospital, and 67 (62%), at the
referring hospitals. Ten (9%) were performed on a 3T scanner; 75
(70%), ona 1.5T scanner; 15 (14%), on a 1T scanner; and 8 (7%),
ona 0.5T scanner.

Evaluation of MR images was performed retrospectively, with
the investigators blinded to the patients’ clinical data. Multiplanar
reconstruction of the images was used as described below. For
continuous variables, 2 investigators analyzed 20 randomly se-
lected patients, and intraclass correlation coefficients (ICCs) were
calculated to obtain inter-rater reliability. For the ordinal and
dichotomous variables, 2 investigators independently analyzed all
patients; and to test reliability, Cohen k was calculated. In cases of
discrepancy in the evaluation, the images were re-evaluated, and a
consensus was reached.

The Evans index was measured on transverse images as the
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ratio between the maximum diameter of the frontal horns of the
lateral ventricles and the maximum inner diameter of the skull in
the same section (Fig 1A).

The callosal angle measured on MR imaging is the angle be-
tween the lateral ventricles on a coronal image through the pos-
terior commissure, perpendicular to the anterior/posterior com-
missure plane (Fig 1B).”

Compression of the medial and/or high convexity cortex sulci
(narrow sulci) was evaluated on coronal and transverse images.® It
was graded as the following: 0 = normal or wider than normal,
1 = slight compression, 2 = definitive compression (Fig 1C, -D).

Dilation of the Sylvian fissure was graded in 3 different ways.
The first method was described by Kitagaki et al” and later illus-
trated with coronal images by Hashimoto et al.* We graded dila-
tion as the following: 0 = normal or narrow, 1 = mildly moder-
ately enlarged, 2 = highly enlarged.”® When we used this method,
the reliability between the 2 investigators was not sufficient (k =
0.36, Fig2 and Table 1). Therefore, we created a new grading scale,
the Sylvian fissure ordinal, an ordinal scale with 3 levels and grad-
ing still based on the images of Hashimoto et al but with a more
precise definition of how to reconstruct the coronal images to
attain a higher reproducibility. The coronal images used for the
Sylvian fissure ordinal were reconstructed at the level of the cen-
tral part of the brain stem and angulated along the brain stem (Fig
2B). In the third method, the height of the Sylvian fissure was
measured quantitatively on a sagittal image located at the mid-
point between the skull and the insular cortex. The height was
measured in millimeters in 5 different locations perpendicular to
the direction of the Sylvian fissure. The median value of the 5
locations was calculated for each side, and the average of right and
left was recorded.

Disproportionately enlarged subarachnoid space hydroceph-
alus (DESH) refers to a communicating hydrocephalus with en-
larged ventricles and a disproportionate distribution of the CSF
between the inferior and superior subarachnoid spaces.® It was
graded as present if both narrow sulci at the high convexity and
the Sylvian fissure ordinal were graded as =1 (Fig 1D).

Flow void phenomenon through the aqueduct and fourth ven-
tricle (flow void) was graded by a modified version of the ordinal
scale described by Algin et al.” It was graded as follows: 0 = no
flow in the aqueduct, 1 = flow void only in the aqueduct, 2 = flow
void in the aqueduct and the upper half of the fourth ventricle,
3 = flow void that extends to the caudal part of the fourth ventri-
cle. It was graded on T2-weighted sagittal images without flow
compensation. Only examinations from 1 scanner (Avanto 1.5T;
Siemens, Erlangen, Germany) were included to avoid scanner dif-
ferences with regard to flow compensation (n = 36, Fig 1E).

Focal bulging of the roof of the lateral ventricles was eval-
uated on sagittal images and was graded as present or not pres-
ent (Fig 3).

The diameter of the third ventricle was measured in millimeters
on transverse T1-weighted images in the center of the ventricle in the
anteroposterior direction but in the widest part in the inferior-supe-
rior direction (Fig 1F). The maximal diameter of the temporal horns
was measured in millimeters on each side on transverse images, and
the average of left and right was calculated (Fig 1G).

Deep white matter hyperintensities (DWMH) were evaluated



FIG1. Nine different patients with iINPH. A, Evans index = x/y. B, Callosal angle. C, Narrow medial sulci and 2 focally dilated sulci on the left side.
D, DESH. E, A flow void in the aqueduct and fourth ventricle graded as 2. In addition, a flow void in the foramina of Monro. F, Large diameter of
the third ventricle. G, Dilated temporal horns. H, DWMH graded as 3 in a patient who also has PVH. I, PVH graded as 2.

on T2 FLAIR images by the ordinal scale described by Fazekas et
al'® as follows: 0 = no lesions, 1 = punctate foci, 2 = beginning
confluence of foci, 3 = large confluent areas (Fig 1H). All clearly
visible single lesions were graded as punctate foci.
Periventricular hyperintensities (PVH) along and always in
contact with the frontal and parietal portions of the lateral ventri-
cles were evaluated on T2 FLAIR images. They were graded as
follows: 0 = normal (including a “pencil-thin lining” along the

ventricular wall and small caps around the frontal horns), 1 =
increased PVH, 2 = irregular large symmetric hyperintensities
extending out into the deep white matter and, on at least 2 loca-
tions, all the way from the ventricles to the cortex (Fig 11)."°

Accumulation of CSF in focally enlarged sulci, previously
called “transport sulci,” was evaluated as present or not present
(Fig 1C).""1?

Focal narrowing of the aqueduct with suspicion of aqueductal
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FIG 2. TI-weighted 3D images of a patient with iNPH. A and B, Coronal images illustrate the different heights of the Sylvian fissure that can be
achieved depending on the angulation of the section. B, The Sylvian fissure ordinal. C, Sagittal image with orientation lines represented by the

coronal images A and B.

Table 1: Interrater reliability between 2 independent
investigators for all imaging findings

Imaging Feature Reliability
Evans index (ICC) 0.93
Callosal angle (ICC) 0.95
Narrow sulci () 0.64
Sylvian fissure original (k)* 0.36
Sylvian fissure ordinal (k)° 0.62
Sylvian fissure height (ICC) (mm) 0.89
DESH® NA
Flow void (k) 033
Focal bulging (k) 0.28
Third ventricle (ICC) 0.96
Temporal horns (ICC) 0.80
DWMH (k) 0.67
PVH (k) 072
Focally enlarged sulci (k) 0.54
Aqueductal stenosis (k) 0.32

Note:—NA indicates not applicable.

2 The original method to measure the Sylvian fissure.”

® Ordinal scale of 0-2.

€ Calculated from Sylvian fissure ordinal and narrow sulci.

stenosis was evaluated on sagittal and coronal images and graded
as present or not present.

Statistics

ICC and k were used to test for reliability between 2 investigators.
Univariate associations and associations adjusted for sex, between
shunt outcomes, and all imaging features were assessed with lo-
gistic regression models. Imaging markers significant in the uni-
variate analyses were adjusted for age, sex, and previous stroke in
multiple logistic regression models. Results from the logistic re-
gression models were presented in a forest plot as estimated ORs
with a 95% CI of 1 SD increase for continuous variables and a 1
unit increase for dichotomous and ordinal variables. The differ-
ence in the proportion of shunt responders or the level of im-
provement between patients with or without dichotomous imag-
ing findings was tested with the x* test and the Mann Whitney U
test, respectively. Correlations were tested by using the Spearman
rank correlation coefficient (r) or the ¢ coefficient when appro-
priate. The correlations tested were exploratory and were not de-
cided before the study, and the level of significance was set at P <
.01 for correlations. For other analyses, the level of significance
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was setat P <.05. No corrections for multiple analyses were done.
Analyses were performed by using SPSS Version 21.0, (IBM, Ar-
monk, New York).

RESULTS

At 12-month follow-up, 82 of the 108 patients (76%) had im-
proved after shunt surgery. Mean values + SD at preoperative MR
imaging were the following: Evans index, 0.38 = 0.04; callosal
angle, 61 = 17° diameter of the third ventricle, 12 * 3 mm;
diameter of the temporal horns, 7 = 2 mm; and the mean height
of the Sylvian fissures, 6 = 3 mm. Prevalence and grading of
imaging features measured on ordinal or dichotomous scales are
presented in Table 2.

The predictive value of the imaging findings is presented as a
sex-adjusted OR in Fig 4. For callosal angle, DESH, and temporal
horns, the ORs were significant in the univariate analyses, and
when adjusted for sex or when adjusted for sex, age, and previous
stroke in the 3 separate multivariate logistic regression models. If
only patients without complications (n = 76) were included in the
logistic regression, the ORs for callosal angle, DESH, and tempo-
ral horns were still significant.

There were several correlations among different imaging fea-
tures at the preoperative MR imaging investigations in the range
of r = 0.26—-0.68 (Table 3).

Patients without PVH performed better at baseline in the
modified Rankin Scale and in the stride length in the Timed Up
and Go Test and 10 m walk compared with patients with PVH
(P < .05). Patients without focal bulging performed better in the
walking backward 3 m test compared with patients with the im-
aging feature present (P < .05). Patients with normal Sylvian fis-
sures performed better in the modified Rankin Scale (P < .01),
balance scale (P < .01), 10 m walk, and the walking backward 3 m
test (P < .05) compared with patients with dilated Sylvian fis-
sures. At baseline, Sylvian fissure height (millimeters) correlated
with both impaired speed and step length in the walking backward
3 m test at baseline (r = 0.61, P < .001 and r = 0.66, P < .0001,
respectively). A smaller callosal angle correlated with more im-
paired scoring in the balance scale (r = 0.26, P < .01), and the
Evans index correlated negatively with the Mini-Mental State Ex-
amination score (r = —0.27, P < .01).



FIG 3. Two patients with focal bulging of the roof of the lateral ventricles. Sagittal images
include the most cranial portions of the lateral ventricles. A, T2-weighted image. B, Tl-weighted

image.

Table 2: Prevalence and grading of imaging findings measured on dichotomous and

ordinal scales

patients with a larger angle are less likely
to benefit from shunt surgery.

Dilation of the temporal horns of the
lateral ventricles is an established finding

13,14

in hydrocephalus and has previously
been reported to be more frequent in pa-
tients who improve after shunt surgery
compared with nonresponders.'* This
finding was strengthened by the results of
the present study. The dilation of the tem-
poral horns in iNPH should not be mis-
taken for atrophy of the medial temporal
lobe as is seen in Alzheimer disease,'®
even though there are reports of dimin-
ished hippocampus volume in patients
with NPH.'¢

In the present study, DESH was a pre-
dictor of a positive shunt outcome. The
imaging feature was discussed in a publica-

Imaging Feature

Frequency of Different Grading (No.) (%)°

(Grading Range) 0 1 2
Sylvian fissure ordinal (0-2) 23(21) 77 (1) 8(8)
DESH (0-1) 36 (33) 72(67) NA
Flow void (0-3)° 0(0) 0(0) 9(25)
Narrow sulci (0-2) 24(22) 22(20) 62(58)
Focal bulging (0-1) 13(12) 95(88) NA
DWMH (0-3) 5(5) 11(10) 31(29)
PVH (0-2) 27 (25) 66 (62) 14 (13)
Focally enlarged sulci (0-1) 45(42) 63 (58) NA
Aqueductal stenosis (0-1) 105 (97) 3(3) NA

Sample  tion from the Japanese Study of Idiopathic
3 (No.) Normal Pressure Hydrocephalus on Neu-
NA 108 rological Improvement (SINPHONI), and
NA 108 was described as a morphologic hallmark
ZL(Z\‘“') oo of iNPH. In the SINPHONT study, a pos-
NA 108 itive outcome was achieved in 80% of 100
60 (56) 107 patients by using an MR imaging—based
NA 107 diagnostic scheme.® In SINPHONI, 96%
NA 108 of the patients had dilated Sylvian fissures
NA 108

Note:—NA indicates not applicable.
2 Dichotomous variables: 0 = not present, 1 = present.
© Flow void in the aqueduct and fourth ventricle.

There was no difference in the proportion of patients with a pos-
itive outcome or level of improvement in relation to the Fazekas score
among patients with DWMH. The proportion of patients with severe
DWMH (Fazekas 3) that improved after shunting was 45/60 (75%)
compared with 36/47 (77%) in patients with less severe DWMH.

In Table 1, the interrater reliability is presented. For continu-
ous variables, the reliability had the range 0f 0.80—-0.96 (ICC), and
for variables on an ordinal scale, it had a range of 0.33—0.72 (k).
The interrater reliability of dichotomous variables was 0.28—0.67

(k).

DISCUSSION

In patients with suspected iINPH, MR imaging is used to aid in the
diagnosis and selection of shunt candidates. In this retrospective
study of 108 patients with iNPH who had undergone shunt sur-
gery and clinical examination before and at 12 months after sur-
gery, a small callosal angle, occurrence of DESH, and wide tem-
poral horns on the preoperative MR imaging scans were
significant predictors of positive shunt outcome.

A small callosal angle has previously been described as useful
for separating patients with iNPH from those with Alzheimer dis-
ease and healthy controls.” The results in this and a previous study
of a smaller callosal angle in patients who responded to shunt
surgery further support its prognostic value.> The significant
OR < 1 for the callosal angle can be interpreted as showing that

and could be classified as having DESH
compared with 67% in the present study.
Because SINPHONI used narrow supra-
Sylvian subarachnoid spaces as an inclu-
sion criterion in contrast to the present study, the prognostic use-
fulness of DESH could not be calculated in that study. In CT
studies, it has been reported that dilated Sylvian fissures are a sign
of poor prognosis, and it has been argued that the dilation is
caused by atrophy, which is at odds with the findings in the
SINPHONI study.'*!” The difference could be explained by the
fact that the Sylvian fissure could only be evaluated on transverse
images at that time, and it is much easier to visualize the dilation
of Sylvian fissures on reconstructed coronal sections as in modern
studies. In the present study, the finding of only dilated Sylvian
fissures or only narrow sulci at the high convexity did not predict
a positive outcome. Nevertheless, in light of our study and the
SINPHONI study, it seems as if DESH is a very common find-
ing in iNPH and that it may aid in the selection of shunt
candidates.

Several correlations between imaging findings were seen, and
some patterns emerged. As expected, there were correlations be-
tween markers of the ventricular width and Evans index, and the
temporal horns correlated with the diameter of the third ventricle.
DESH correlated with a smaller callosal angle and focal bulging of
the ventricular roofs.

There was a significant difference at baseline in the severity of
motor symptoms and handicap levels between patients with and
without PVH, dilated Sylvian fissures, and focal bulging of the
ventricular roofs. Correlations were seen between the severity of
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FIG 4. Forest plot with sex-adjusted odds ratios for all imaging features. OR with a 95% Cl of 1-SD increase for continuous variables and a 1-U
increase for dichotomous and ordinal variables. An arrow indicates that the confidence interval extends beyond the range of the plot. The
Sylvian fissure ordinal is the ordinal scale 0—2; the Sylvian fissure height is measured in millimeters. The asterisk indicates P < .05.

Table 3: Correlations among different imaging markers at
baseline®

Imaging Feature Significant Correlations

Third ventricle (r = 0.39°)
DESH (r = —0.27), focal bulging (r = —0.28°),
temporal horns (r = —0.339)

Evans index
Callosal angle

DESH Focal bulging (r = 0.34), focally enlarged sulci
(r = 0.329), callosal angle (r = —0.27°)
Focal bulging Temporal horns (r = 0.26°), callosal angle

(r = —0.28%), DESH (r = 0.34)
Third ventricle Temporal horns (r = 0.38%)
DWMH PVH (r = 0.68")

Note:— indicates Spearman correlation coefficient.

#Measurements of Sylvian fissure and narrow sulci at the high convexity were not
included because they are components of DESH.

° P <.0001.

cpP<.0L

9p <001

motor symptoms and a smaller callosal angle or wider Sylvian
fissures; and a correlation was seen between a larger Evans index
and more impaired cognitive function.

White matter hyperintensities on MR imaging are often di-
vided into PVH, adjacent to the ventricles, and DWMH, located
in the deep white matter. Both DWMH and PVH have been re-
ported to be associated with risk factors for vascular disease, such
as hypertension and smoking. The origin of the hyperintensities is
still debated, and DWMH has been reported to represent gliosis,
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chronic ischemia, or plasma leakage caused by diffuse cerebrovas-
cular endothelial failure.'®

In the present study, patients with severe DWMH had a similar
positive outcome rate compared with the whole sample, which is
in line with the results of Tullberg et al,"” who concluded that
patients must not be excluded from shunt surgery on the basis of
the DWMH findings. In NPH, the PVH around the lateral ventri-
cles is probably caused by transependymal CSF passage into the
adjacent white matter, and it has, in some studies, been reported
to be a good prognostic sign.”>*! We could not replicate that
finding, but patients with PVH had more severe gait disturbances
and handicap levels at baseline compared with patients without
PVH. Because more severe PVH often extends far from the lateral
ventricles into the deep white matter, it can sometimes be almost
impossible to differentiate PVH from DWMH. This difficulty
could be one explanation behind both the high frequency of se-
vere DWMH and the good outcome rate in these patients. Some
patients may have had both DWMH and advanced PVH. This
possibility is further supported by a strong correlation between
DWMH and PVH.

The focal bulging of the roof of the lateral ventricles is an MR
imaging feature that, to our knowledge, has not been described
previously in INPH. We do not know the frequency of this finding
in other types of ventricular enlargement, obstructive hydroceph-
alus, or healthy elderly. The focal bulging is best visualized on
sagittal images in the section including the most cranial portions



of the ventricles. The bulging may be caused by CSF pulsations in
the lateral ventricles in a weakened spongiotic ependyma and
edematous periventricular brain parenchyma,** located between
periventricular veins.

The interrater reliability between 2 observers of measures of
flow void, focal bulging, and aqueductal stenosis was not satisfac-
tory and neither was the reliability of the original description of
the grading of the Sylvian fissure.”® We showed that the reliability
increased from k = 0.36 to k = 0.62 by defining the way the
sections should be reconstructed and angulated. Dramatic differ-
ences in the height of the Sylvian fissure could be obtained de-
pending on which coronal section was used and how it was angu-
lated (Fig 2). All inconsistent grading scores were re-evaluated,
and a consensus was reached between the 2 investigators. In ac-
cordance with our experience, Ishii et al® illustrated differences in
the callosal angle, depending on the angulation of the coronal
section. These differences are important when these imaging fea-
tures are used in clinical practice, and only well-defined grading
scales with high reliability should be used.

In 3 of the cases in this study, there was a subtle focal narrow-
ing of the Sylvian aqueduct. This did not obstruct the CSF flow
and was not considered the cause of the hydrocephalus in these
patients. It is advisable to evaluate the aqueduct thoroughly in
patients with suspected iNPH—for example, by including a high-
resolution, heavily T2-weighted 3D MR imaging sequence in the
protocol to exclude obstructive causes of hydrocephalus.

An interesting finding is the diversity of different morphologic
features in this study. All patients had similar symptomatology,
but 67% had DESH, while 10% had neither dilated Sylvian fis-
sures nor narrow high-convexity sulci; 25% had no PVH at all,
while 13% had PVH extending all the way to the cortex. Previous
studies in iNPH have found both heterogeneous patterns of met-
abolic disturbances in the cortex measured with FDG-PET and
various patterns of CBF reduction measured with SPECT.>***
These findings raise the question: Are the morphologic differ-
ences different stages of the same disease or is iNPH a syndrome of
several diseases with different etiologies? There were significant
differences in symptom severity between patients with or without
PVH, focal bulging, and dilated Sylvian fissures, indicating that
these imaging features may be involved in the progression of the
disease. However, this question should be addressed in a prospec-
tive longitudinal study.

It has recently been discussed that in studies of iNPH, it is
important to present descriptive data of the sample, including
comorbidity, to facilitate comparisons of different studies.*® It
seems to be equally important to also describe the radiologic find-
ings in sufficient detail. Otherwise, we cannot know whether we
are investigating and performing surgery in similar patients, and
comparisons of studies become difficult.

Despite these findings, callosal angle, DESH, or temporal
horns cannot be used to exclude patients from surgery. Of pa-
tients with a callosal angle of >90°, 4/7 (57%) improved; 23/36
(64%) patients without DESH improved; and 7/15 (47%) patients
with temporal horns of <5 mm improved from shunt surgery.
This illustrates one of the greatest problems with studies of prog-
nostic or nonprognostic investigations in iNPH: The number of
patients who do not improve after shunting are too few, even in

samples as large as in this study, to draw any conclusions regard-
ing in which patients shunting should not be performed.

Some limitations should be addressed. All patients had been
diagnosed with iNPH by a specialized team and had undergone
shunt surgery, and the MR imaging investigations used in this
study had been used in the clinical evaluation of these patients.
We had no control group of healthy individuals or patients with
Alzheimer disease. Thus, the results in this study must be inter-
preted in the light of the highly selected sample, and no conclu-
sions about the diagnostic value of the findings can be made. The
clinical radiologic diagnosis was made by several different neuro-
radiologists without a defined protocol, which might have influ-
enced the frequency of some of the retrospectively evaluated im-
aging findings. For example, all patients had an Evans index of
>0.30, and no patient had severe cortical atrophy. However, sev-
eral of the imaging features investigated in this study were not
used clinically at the time of the study at our center. Because of
missing sequences in some patients, we could not grade all imag-
ing features in all patients. This gap was most evident for grading
of the flow void because we chose to include only investigations
from a single scanner to avoid any differences among scanners.
Because of the limited number of patients in whom flow void was
graded, not a single patient with a small flow void was found,
which probably affected the absence of significant correlations
between flow void and other MR imaging findings. Although data
were collected prospectively in a standardized way, the radiologic
measurements and analyses of clinical data for this study were
performed retrospectively. This feature limited the possibility of
making corrections when specific MR imaging sequences or some
clinical data were missing.

CONCLUSIONS

The callosal angle, diameter of the temporal horns, and presence
of DESH were predictors of a positive outcome after shunting in
this sample of patients with iNPH. We recommend that these
noninvasive imaging features be assessed in the preoperative eval-
uation of patients with INPH because they may aid in the selection
of shunt candidates.
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ORIGINAL RESEARCH
FUNCTIONAL

Success Rates for Functional MR Imaging in Children

ABSTRACT

A. Rajagopal, A. Byars, M. Schapiro, G.R. Lee, and S.K. Holland
O=

BACKGROUND AND PURPOSE: Functional MR imaging is widely used for research in functional brain development in healthy children.
However, obtaining high-quality brain imaging data from pediatric research participants requires cooperation that is challenging for young
children. In this study, we examined success rates for fMRI in typically developing children in both longitudinal and cross-sectional research
study designs to inform the recruitment needs of future pediatric brain imaging studies.

MATERIALS AND METHODS: In the cross-sectional study, 459 healthy children (5-18 years of age, 215 girls) were recruited. A subset of 30
healthy children 5-7 years of age from the cross-sectional cohort were selected and scanned for 10 consecutive years in the longitudinal
arm of the study. Following anatomic scans, each participant attempted 4 functional MR imaging tasks. Success rate was defined as the
proportion of fMRI tasks completed. Differences in success rates across sexes and in cross-sectional-versus-longitudinal cohorts were
evaluated by using the Fischer exact test.

RESULTS: In the cross-sectional study, 74% of the children completed all tasks. Success rates for individual tasks ranged from 34% to 67%
for children 5-7 years of age and 76%-100% for those 818 years of age. In the longitudinal study, 89% of children completed all tasks in
all 10 years. We established significance (P < .0001) between the cross-sectional and longitudinal cohorts for both 0% and 100% task
completion rates. There was no significance between sexes.

CONCLUSIONS: When designing pediatric fMRI studies in children, the sample sizes indicated by power analysis should be scaled up
according to age (ie, 33% for ages 818 years, 50% for ages 5-7 years).

ABBREVIATIONS: HUSH = hemodynamic unrelated to scanner hardware; SR = success rate

Functional MR imaging is a commonly used noninvasive tech-
nique for tracking the changes in blood oxygenation levels that
accompany neuronal activity." Clinically, fMRI has been used ex-
tensively to identify or locate important brain regions before per-
forming surgery on tumors or removing epileptic foci.>” It is also
a widely used research tool for the investigation of brain activity
during a wide array of primary somatosensory, language, and
other higher level cognitive tasks. Most functional MR images
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require the subject to be awake and attentive to respond to the
experimental paradigms being presented. The main challenges in
successfully obtaining MR imaging data are restlessness, claustro-
phobia, or other anxieties on the part of participants.

The success rate (SR) of scanning children in fMRI paradigms
has been examined in 2 studies.*” The study by Byars et al* exam-
ined the success rate in 209 children between 5 and 18 years of age
completing 4 fMRI tasks and 1 anatomic reference scan. In that
study, most of the children in the age range of 9 through 18 years
completed all 4 functional tasks and the anatomic task. However,
the failure rate was higher in younger children 5-7 years of age.
The current sample 0f 459 children included the original group of
200+ subjects from Byars et al in 2002, plus an additional 259
subjects in the cross-sectional cohort.

In another recent study, children in the age range of 10—18 years
had a significantly greater scan success rate than those 4-6 years of
age. Yerys et al® determined that groups with clinical conditions like
attention deficit/hyperactivity disorder, autism spectrum disorder,
and epilepsy had lower success rates than nonclinical control groups.
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In the present report, success and failure rates were examined
in both cross-sectional and longitudinal cohorts. The longitudi-
nal cohort of n = 30 subjects was a subset of the cross-sectional
cohort. This group of children was tested annually for 10 years. In
the current report, we also include analysis and discussion regard-
ing the reasons that children fail to complete fMRI scans for re-
search. This information may be helpful to the researcher to avoid
loss of subjects and data in pediatric neuroimaging studies and to
provide a better understanding of the recruitment needs in future
studies.

MATERIALS AND METHODS

Subjects

Four hundred fifty-nine healthy children (215 girls) within the
age range of 5-18 years were recruited for the cross-sectional
fMRI study. The 3 criteria for recruitment were that children be
healthy (determined by a questionnaire filled out by the parent),
be native English speakers, and have normal findings on neuro-
logic examinations administered by a board-certified pediatric
neurologist. Children with any neurologic comorbidity were ex-
cluded from the study. From these 459 children, a subset of 30
children (15 girls) within the initial age range of 5-7 years was
selected for the longitudinal fMRI study. For this study, the lon-
gitudinal study required annual fMRI scanning and testing for 10
consecutive years. The first visit of each longitudinal subject was
included in the cross-sectional data analysis described below.
Subsequent visits by longitudinal subjects were not included in
the cross-sectional analysis. All visits by longitudinal participants
are analyzed in the longitudinal trajectories.

MR Imaging

MR imaging was performed on a 3T Biospec MR imaging scanner
(Bruker BioSpin MRI, Ettlingen, Germany). The entire scanning
session lasted for approximately 45 minutes and included a local-
izer scan, anatomic scan, multiecho reference scan, and 4 func-
tional MR imaging tasks. The T1-weighted 3D MPRAGE-type
anatomic image was acquired in 9 minutes with 1 X 1.5 X 1.5 mm
resolution. A T2*-weighted gradient-echo EPI sequence was used
to acquire the functional scans. The imaging parameters used for
these scans were as follows: TR/TE = 3000/38 ms, bandwidth =
125 kHz, matrix = 64 X 64, FOV = 25.6 X 25.6 cm, section
thickness = 5 mm. In 5 minutes 30 seconds, 24—32 transverse
sections were acquired.

fMRI Paradigms
Four functional tasks examined early and later developing senten-
tial and syntactic language skills: verb-generation, syntactic pros-
ody, picture-matching, and story-processing tasks.®

The verb-generation task”involved auditory presentation of a
series of concrete nouns every 5 seconds, to which the child re-
sponded by covertly generating as many verbs as possible associ-
ated with the noun during the remainder of the 5-second interval.
A bilateral finger-tapping task served as the control task, prevent-
ing the child from continuing to generate verbs during the control
period and providing a reference area of activation within the
motor strip as a means of validating behavioral compliance.

The story-processing task® involved an auditory presentation
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of 5 simple stories, each composed of 10 sentences. The child was
instructed to listen to the stories in preparation for answering
questions about them after the scans. Random auditory pure
tones of various frequencies from 150 to 1000 Hz were presented
at unequal intervals of 1-3 seconds during the control task, which
was interleaved by the story task.

In the syntactic prosody task,” the child had an auditory pre-
sentation of a target sentence (selected from the stories in the
story-processing task) of a set of sentences that were low-pass-
filtered (400 Hz cutoff) so that words were not recognizable, but
syntactic prosody was preserved. During the control task, the
child was asked to press a button each time a target tone was heard
among the other randomly ordered tones of various frequencies.

The word-picture matching task'® involved simultaneous vi-
sual presentations of 2 simple line drawings of common objects.
The name of one of the objects was presented via the headphones
simultaneously. The child was required to push the button indi-
cating whether the picture on the right or the left matched the
word that was heard. The control task was a visual presentation of
paired images of unnamable designs.

The prosody and story-processing tasks assess syntax, whereas
word-picture matching and verb generation assess semantics.®
During the first 5 years in the longitudinal study, all children
performed these 4 tasks. A nonsignificant rate of change in the
lateralization index with age in the first 5 years of the longitudinal
study indicated that picture-matching and prosody were early
developmental tasks. Hence, in the last 5 years of the longitudinal
study, these 2 tasks were replaced by modified versions of the
story-processing'' and verb-generation tasks'? by using another
method called hemodynamic unrelated to scanner hardware
(HUSH)." This method was designed to facilitate fMRI with au-
ditory stimulation by presenting the stimulus when the scanner is
completely silent, and the data are collected through the peak of
the hemodynamic response.'" Other investigators have reported
similar approaches.'*

Desensitization Methods

To improve the success rate due to children being frightened, we
used a systematic desensitization method to acclimate children to
the MR imaging environment. This process begins with an expe-
rienced and child-friendly study coordinator and MR imaging
technologist and continues with the following: 1) rewarding chil-
dren with toys and small gifts for completing each training step, 2)
acclimatizing them to the scanner by performing a trial run on the
scanner, 3) explaining the procedures in child-friendly but de-
tailed language and letting them hear the noise that the scanner
makes, and 4) playing movies during nontask time in the scanner
and frequently “checking in” with them by using the audio system
while they are in the scanner. These systematic methods add ap-
proximately an hour of preparation time in the scanner area be-
fore the actual scan. Scanning procedures also last for almost an
hour, with additional time between image sequences allocated to
interaction with the participants by the study coordinator over
the MR imaging—compatible audiovisual system to provide in-
structions and reassurance about performance and the time left
until completion of the scan procedures.



but were not scanned in the years
when they had braces. Among the lon-
gitudinal participants who continued
in the imaging study, failure to com-
plete scans in subsequent years was less
common than in the cross-sectional
group in general. However, longitudi-
nal participants did fail to complete
scans in subsequent years for the same
reasons as cross-sectional participants
with the 3 most common reasons for
failure in the longitudinal study corre-
sponding to items 2, 3, and 5 of the
cross-sectional study listed above. The
fourth most common reason for fail-

FIG 1. Histogram showing success rates of the percentage of children (y-axis) in the cross-sec-

tional study (n = 459) and longitudinal study who were scanned for 10 years (n = 30), performing
4 fMRI tasks, and their success rate (x-axis). 100% success rate = 4 tasks completed; 75%, 50%, 25%,

and 0% correspond to 3, 2,1, or no task completed.

Success Rate

The success rate was defined as the ratio of the number of
completed and usable fMRI datasets to the total number of
fMRI tasks in the study protocol (ie, 4). FMRI data were con-
sidered usable if the subject completed the reference scan and
anatomic scan with a minimum of motion, along with func-
tional scans.'® The reference scan was considered important
because it helps to perform the geometric correction during
reconstruction of the images.'®

Reasons for Failure

Reasons for children failing to complete MR imaging research
protocols are important to understand for optimizing study de-
signs for success. To quantitate reasons for failure, we define the 5
most common reasons for failure and examine the number of
failures for each reason. Reasons for failure are defined in order of
the largest to smallest number of children reporting this reason
for ending participation in the scan session as follows.

1) Children being frightened due to claustrophobia or the
noise generated by the scanner

2) No explanations or reasons provided by the subject or the
technologists

3) Discomfort or unwillingness to lie still in the scanner

4) Technical errors made by the technologists or researcher.
We lost a few data points due to trouble with the scanner or the
stimulus-presentation software or video and audio equipment.

5) Motion inside the scanner. Children, especially in the age
range of 5-7 years, found it hard to lie still in the scanner for along
time, with head or feet resulting in motion artifacts that caused
the operators to stop the scan.

In the case of the longitudinal study, the primary reason for
failure was children with braces or retainers, defined as reason
1 for the longitudinal cohort. Braces were exclusion criteria for
the neuroimaging study of child language development, and
children would not be recruited for the cross-sectional study if
braces were discovered during the screening process. However,
longitudinal participants who did not have braces when they
first enrolled in the study (at age 5-7) were not excluded from
continued participation in the longitudinal arm of the study

ure in the longitudinal study was fam-
ilies not being interested in continuing
to participate in the study. Technical
faults (4 above) were negligible in the
longitudinal study because these “bugs” were eliminated dur-
ing the first year or 2 of the study.

Statistical Analysis

We compared success/failure rates between boys and girls and
also between the cross-sectional and longitudinal cohorts. To test
the significance of the differences between the proportions in
these groups, we used the Fisher exact test.

RESULTS

Success rate was computed separately for cross-sectional and lon-
gitudinal study data. The percentage of children who completed
each fMRI task in the cross-sectional and longitudinal studies is
plotted as a histogram in Fig 1. The percentages of children who
did not complete any of the 4 functional scans, anatomic scan, or
reference scan in the cross-sectional and longitudinal study are
14.4% (n = 66) and 1.3% (n = 3), respectively. In the following
sections, the subject groups completing 0% through 100% of the
scans will be referred to as SR(0) through SR(100). The number of
subjects meeting SR(25), SR(50), SR(75), and SR(100) for the
cross-sectional study are as follows: 1.3% (n = 6), 3.7% (n = 17),
6.8% (n = 31), and 73.9% (n = 339). The corresponding success
rates for the longitudinal study are the following: 0.9% (n = 2),
5.2% (n=12),4.7% (n = 11), and 87.9% (n = 204), respectively.

Cross-Sectional Cohort

The number of children who completed each task was the fol-
lowing: picture-matching, 374 (81.5%); verb-generation, 376
(81.9%); syntactic prosody, 368 (80.2%); and story-processing
task, 370 (80.6%). Table 1 shows the total number of children
at each age and the percentage of children (girls and boys) in
the cross-sectional study who completed each functional MR
imaging task. Table 1 shows that the percentage of children
completing each task was >76% in the 8- to 11-year age group
and >91% in the 12- to 18-year age group. However, the suc-
cess rates for the children in the 5- to 7-year age group ranged
from 34% to 67%.
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Table 1: The total number of girls and boys at every age ranging from 5 to 18 years participating in the cross-sectional study®

Total No. of Tasks Completed
Children Picture (%) Prosody (%) Stories (%) Verbs (%)
Age (yr) Girls Boys Girls Boys Girls Boys Girls Boys Girls Boys
5 15 29 60 34.5 60 379 67 414 60 414
6 22 23 63.6 47.8 54.5 39.1 59.1 47.8 54.5 435
7 27 22 66.7 50 593 50 63 50 67 50
8 15 25 80 88 87 84 80 84 80 92
9 16 7 94 88 81.3 76.5 81.3 824 87.5 76.5
10 12 17 100 88 100 94 92 824 100 82.4
1 13 17 84.6 100 84.6 941 84.6 100 923 100
12 14 22 100 100 100 100 100 95.5 100 100
13 21 19 95.2 947 95.2 94.7 95.2 947 100 94.7
14 14 12 92.8 100 92.8 100 92.8 100 92.8 100
15 12 1l 917 100 91.7 100 91.7 100 91.7 100
16 1 10 100 90 100 100 100 100 100 100
17 n 12 100 100 100 100 91 100 100 100
18 12 8 100 100 100 100 100 100 100 100

@ Also tabulated is the number of girls and boys who completed the various functional MRI tasks.

FIG 2. Histogram showing success rates of the percentage of girls (1 = 215) and boys (n = 244) in
the cross-sectional study along the y-axis and their success rates along the x-axis. 100% success
rate = 4 tasks completed; 75%, 50%, 25%, and 0% correspond to 3, 2,1, or no task completed.

Figure 2 shows the success rates in the cross-sectional study
based on sex. Twelve percent of girls tended to have SR(0), while
16% of boys did not complete any of the tasks. In addition, 77% of
the girls completed all the scans, while 71% of the boys completed
all the scans.

Longitudinal Cohort

Figure 3 shows the number of children who completed the
study annually in the longitudinal study grouped by the age of
children in each year. Because the total number of subjects
was limited to 30, grouping by age was not performed for each
task.

In Table 2, the percentage of children who completed tasks
in the longitudinal study for each year for each individual task
is tabulated. Table 2 also shows the number of children who
were scanned for each year. There are a total of 6 tasks listed in
Table 2; however, during the first 5 years of the study, the 4
tasks used were picture, prosody, stories, and verbs. During the
last 5 years, the tasks used were stories, verbs, HUSH sto-
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ries, and HUSH verbs. On the basis of
Table 2, it can be seen that the success
rate was >89% for the children who
returned every year.

Tables 3 and 4 explain the reasons for
failure in both cross-sectional and longi-
tudinal studies. The criteria on the basis
of which the subjects failed to either
complete any task or 1 or 2 or 3 tasks are
shown along with the percentage of chil-
dren who failed for each reason.

Statistical Significance

The Fisher exact test on the success rates
in the cross-sectional and longitudinal
cohorts yielded a significant difference
in the both SR(0) and SR(100) rates
(P < .0001). The differences at various
other success rates, SR(25), SR(50), and
SR(75), were not significant. We also
tested for statistical significance between
girls and boys in the cross-sectional cohort, but there was no sig-
nificant difference.

DISCUSSION

The percentage of children in SR(100) was 89% for the longitudi-
nal study compared with 74% in the cross-sectional study. The
children in thelongitudinal study had a better success rate because
these children were, in most cases, comfortable with being
scanned after the initial scanning and desensitization process. We
expected 300 scans for the longitudinal study because we had 30
children recruited who were scanned for 10 years. However, a
number of scans were omitted because the children had braces or
retainers, and a few families were not interested in continuing to
participate in the study or they moved.

From Table 1, it is clear that children 5-7 years of age had the
lowest success rate in our study, ranging from 34.5% to 67%.
However, there was a drastic improvement in success rates in
children 8 and 9 years of age, with success rates ranging from



76.5% to 94%. Children in the 10- to 18-year age group showed
success rate ranging from 82.4% to 100%.

Girls tended to have lower failure rates and higher success rates
than boys when considering SR(0) and SR (100) (Fig2). However,
both boys and girls had almost the same rate of success in com-
pleting 1, 2, and 3 tasks. Although girls had a higher success rate
than boys, a Fisher exact test did not find this difference signifi-
cant. We can conclude that it is reasonable to expect high rates of
success in fMRI research studies in both boys and girls as young as
5 years of age.

We have previously shown that task order is not a factor in
determining success rate.'” The main determinant of noncompli-
ance with fMRI task demands by children is the degree of engage-
ment of auditory, visual, and tactile senses, particularly in boys.
Even though girls had a higher success rate than boys, the differ-
ence was not significant. The current results are consistent with
our earlier findings in this regard."”

The success rate in the longitudinal study was calculated on the
basis of the number of tasks completed by the children compared
with the number of children who returned for scans. Children
with braces or retainers who could not be scanned were not in-
cluded in the analysis. On the basis of Table 2, the success rates for

FIG 3. Histogram of the number of children (y-axis) scanned for the longitudinal study annually
for 10 years (x-axis). The histogram of the number of children is further sorted on the basis of the

age of the children during their visit at each year (gray-scale pattern).

years 1 and 4 were >92%, dropped a little in years 2 and 3, but
remained >89%. We had 100% success for the years 6, 7, 8,and 10
and >95% success rates for the fifth year. Note that success rates
improved as children grew older and had more experience with
the procedures.

In Tables 3 and 4, we can see that the primary reasons for
failure in the longitudinal study were because the family lost in-
terest or could not be contacted or children had braces in their
teenage years. However, the most common reason for failure in
the cross-sectional study was that children were afraid to be
scanned, quit early, or had excessive motion. This suggests that
once children are acclimated to being scanned, they are generally
successful in subsequent longitudinal sessions. These Tables pro-
vide important information for those interested in conducting
pediatric fMRI studies.

Desensitization methods, including a practice run on the MR
imaging scanner, continual communication, feedback, and reas-
surance of children, have been found to be important to our suc-
cess rates. Even though these procedures add time to the imaging
session, they have helped us achieve a better success rate in the
cross-sectional study and also to ensure that more children return
for scans in the subsequent years of the longitudinal study. An-
nual holiday greeting cards, birthday
cards, and a Facebook group for the lon-
gitudinal cohort have also improved our
long-term retention as the children en-
ter high school and college.

The results from the cross-sectional
study show that 77.3% of the girls and
71% of the boys completed the scans
successfully. For a cross-sectional study,
recruitment should aim for four-thirds
of the desired sample size in children
ages 8—18 yearsand 1.5 times in children
ages 5-7 years to meet the power re-
quirements of the study. Oversampling
will allow a projected overall success rate
of 75%. In the longitudinal study,
among the 30 children who were re-
cruited, 3 quit the study either due to
moving out of town or not wishing to
participate further. On the basis of the
numbers from Fig 2, it can be seen that
during the fifth, sixth, and seventh years,

Table 2: Total number of children scanned longitudinally and the tasks completed in the scanner

Study Total Subjects Tasks Completed

Year Scanned Prosody (%) Picture (%) Verbs (%) Stories (%) Verbs HUSH (%) Stories HUSH (%)
1 30 90 86.7 86.7 933 NA NA
2 28 89.3 929 96.4 89.3 NA NA
3 28 89.3 96.4 929 929 NA NA
4 25 96 96 96 92 NA NA
5 21 95.2 100 100 95.2 NA NA
6 20 NA NA 100 100 100 100
7 20 NA NA 100 100 100 100
8 16 NA NA 100 100 100 100
9 20 NA NA 100 100 90 95
10 21 NA NA 100 100 100 100

Note:—NA indicates not applicable.
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Table 3: Reasons for failure to complete fMRI tasks for the cross-
sectional cohort and the number of children who failed for each
reason®

Cross-Sectional

Criteria SR(0) SR(25) SR(50) SR(75)
Frightened 36 0 3 2
No details 16 0 0 1
Patient quit 8 4 10 17
Technical fault 0 0 1 7
Motion 3 2 2 5

2 The subject groups completing 0% through 75% of the scans are referred to as SR(0)
through SR(75).

Table 4: Reasons for failure to complete fMRI tasks for the
longitudinal cohort and the number of children who failed for
each reason®

Longitudinal

Criteria SR(0) SR(25) SR(50) SR(75)
Braces 34 0 0 0
No details 20 0 0 0
Not interested 16 0 0 0
Patient quit 0 12 1 4
Motion 2 0 0 0

2 The subject groups completing 0% through 75% of the scans are referred to as SR(0)
through SR(75).

fewer children completed the scans. This finding was mainly due
to children in the age range from 11 to 18 having braces or retain-
ers that were not MR imaging—compatible.

Limitations

This study is subject to a few limitations that may restrict its gen-
eralizability to other populations and centers. Most important,
the study was conducted in healthy children who were recruited
specifically for a neuroimaging research protocol. Consequently,
these children come from highly motivated families who either
have altruistic tendencies or an interest in their child’s develop-
ment. The sample may not be representative of healthy popula-
tions as a whole because of the increased motivation of the fami-
lies to participate in a medical research project. Furthermore, this
healthy population of children is most certainly not representa-
tive of children with various pathologies such as attention deficit/
hyperactivity disorder, autism, epilepsy, or other neurologic or
psychiatric disorders. Consequently those designing studies with
such populations may not be able to directly extrapolate from the
failure rates reported in our study.

Another relevant limitation of the study is that it began in 2000
by using a prototype 3T research MR imaging scanner. Technical
advances in clinical MR imaging scanner designs operating at this
field strength have resulted in much improved image quality and
patient throughput. For example, improved laser alignment and
prescan procedures have greatly accelerated the time needed to
complete a neuroimaging research protocol. The data acquired
for this study between 2000 and 2008 were obtained on a 3T Bio-
spect 30/60 (Bruker) scanner with a 60-cm bore and a quadrature
head coil with a 210-mm inner diameter. All of the cross-sectional
participants in the study were scanned on this early 3T prototype
scanner with an accompanying rate of technical failure and other
factors potentially impacting success rates. This configuration
also necessitated using video goggles rather than a projection
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screen for visual presentation, which also may have impacted the
failure rates.

In the final 2 years of the study, longitudinal participants were
scanned on a more modern 3T Achieva (Philips Healthcare, Best,
the Netherlands) MR imaging scanner. As with other modern
clinical 3T MR imaging scanners, the system offers a wider bore,
more open head coil design with an improved signal-to-noise
ratio and image quality. Throughput is improved with better
alignment tools and prescanning protocols, resulting in improved
success rates for children. These factors are folded into the im-
proved success rates we report for longitudinal subjects in later
years and introduce confounding to our analysis.

Finally, with the wider installation of clinical 3T MR imaging
scanners in research laboratories and clinical environments, more
centers have begun to conduct neuroimaging studies of develop-
ment in pediatric populations. Several centers, including ours,
have developed desensitization protocols that involve pretraining
of pediatric participants by introducing them to the noises that
MR imaging scanners make for several days before the scanning
session and training videos that introduce participants to the MR
imaging scanner and laboratory environment before they arrive
for their first session.'” These techniques have proved to work
effectively to gain a higher level of cooperation from children.
While the current study used some of these methods as we have
reported previously,*” our newer methodology may result in bet-
ter success rates than what we have reported here.

CONCLUSIONS

The success rates provided in this article are relevant for planning
future cross-sectional or longitudinal functional imaging studies
in normally developing healthy children. On the basis of the suc-
cess rate analysis by age, when designing fMRI studies involving
typical children, the sample size indicated by appropriate power
analysis must be increased by 33% in ages older than 8 years and
50% in children 5-7 years of age. This percentage might have to be
slightly higher for boys compared with girls because girls tend to
comply with the behavioral demands of fMRI scans in the 5- to
18-year age group. While success rates for longitudinal partici-
pants are higher than those for the cross-sectional population in
general, powering a pediatric neuroimaging study design as out-
lined above will provide sufficient high-quality data to permit
longitudinal data analysis for a study ranging up to 10 years in
duration.
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ORIGINAL RESEARCH
INTERVENTIONAL

A Novel Flow-Diverting Device (Tubridge) for the Treatment of
28 Large or Giant Intracranial Aneurysms: A Single-Center
Experience

Y. Zhou, P.-F. Yang, Y.-B. Fang, Y. Xu, B. Hong, W.-Y. Zhao, Q. Li, R. Zhao, Q.-H. Huang, and J.-M. Liu
O=

ABSTRACT

BACKGROUND AND PURPOSE: The Tubridge flow diverter is a novel device developed in China and aimed at reconstructing the parent
artery and occluding the aneurysm. We conducted this study to evaluate its feasibility, safety, and efficacy for the treatment of large or
giant internal carotid artery aneurysms, which are still challenging with conventional therapy.

MATERIALS AND METHODS: The clinical and angiographic data of 28 patients with 28 large or giant internal carotid artery aneurysms
treated with Tubridge flow diverters were prospectively collected and analyzed.

RESULTS: Thirty-three Tubridge flow diverters were successfully implanted except for 1 poor midstent opening; the result was a technical
success rate of 97.0% (32/33). Follow-up angiographies were available for 25 aneurysms; the mean follow-up was 9.9 months (5-24 months).
Of the 25 aneurysms, 18 (72.0%) were completely occluded, 6 (24.0%) were improved, and 1(4.0%) was unchanged. All of the visible covered
branches and parent arteries were patent, with no stenosis or obliteration. During a follow-up of 6-30 months (mean, 19 months),
symptoms were resolved in 13 patients, improved in 6 patients, and unchanged in 4 patients. Five patients experienced transient clinical
deterioration due to a postoperative increased mass effect. Procedure-related morbidity and mortality were both zero.

CONCLUSIONS: Our preliminary experience shows that the Tubridge flow diverter is a safe and effective tool for treating large and
giant internal carotid artery aneurysms. However, multicenter randomized trials and studies involving a long-term follow-up are

necessary.

ABBREVIATIONS: FD = flow diversion; ID = inse diameter

Large and giant aneurysms are associated with much worse out-
comes than small ones.' The treatment of large and giant an-
eurysms is challenging for both neurosurgeons and neurointer-
ventionalists, either by conventional endovascular treatment or
surgery. Deconstructive approaches, such as ICA occlusion, re-
quire sufficient compensation from other blood vessels. Even
when this criterion is satisfied, the rate of ischemia has been re-

Received November 12, 2013; accepted after revision February 3, 2014.

From the Department of Neurosurgery, Changhai Hospital, Second Military Medi-
cal University, Shanghai, P.R. China.

Yu Zhou and Peng-Fei Yang contributed equally to this work.

This work was supported by the Subproject of National Technology Supporting
Program (20TIBAIO8B14), Logistics Scientific Research Project (BWSI11C008), and the
Science and Technology Commission of Shanghai Municipality (10441901902,
10DZ0510800).

Please address correspondence to Qing-Hai Huang, MD, Department of Neurosur-
gery, Changhai Hospital, Second Military Medical University, 168 Changhai Rd,
Shanghai 200433, China; e-mail: ocinhgh@163.com; and Jian-Min Liu, MD, Depart-
ment of Neurosurgery, Changhai Hospital, Second Military Medical University, 168
Changhai Rd, Shanghai 200433, China; e-mail: Chstroke®163.com

O Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr. A3925

2326 Zhou Dec 2014 www.ajnr.org

ported to be as high as 4%—15%.” In addition, there is a chance of
de novo aneurysm following ICA occlusion.” Bypass surgery, es-
pecially high-flow bypass, preceding ICA occlusion may help to re-
duce the occurrence of ischemic complications, but operative com-
plications are not uncommon, though the rate varies in different
articles.* In contrast, reconstructive approaches aimed at preserving
the parent artery were associated with greatly increased recanaliza-
tion rates that were reported to range from 19.2% to 50%.>°

The Tubridge is a new type of flow-diversion (FD) device de-
veloped by MicroPort Medical Company (Shanghai, China) on
the basis of our previous hemodynamic studies of intracranial
aneurysms,® aimed at treating complex aneurysms that were dif-
ficult to access via clipping or conventional endovascular treat-
ment, such as large and giant aneurysms, and providing more
treatment options for neurointerventionalists and neurosur-
geons. After demonstrating its efficacy and safety in animal experi-
ments,”® we obtained the consent of the Ethics Committee and
China Food and Drug Administration to initiate the present prospec-
tive clinical trial, aimed at evaluating its feasibility, safety, and efficacy
for the treatment of large or giant internal carotid artery aneurysms.



MATERIALS AND METHODS

Patient Selection and Population

After obtaining approval from the Ethics Committee and China
Food and Drug Administration, we conducted this prospective
study. The inclusion criteria for Tubridge flow-diverter place-
ment were as follows: 1) The subject understands the nature of the
procedure and provides written informed consent; 2) the subject
is willing to return to the investigational site for the 30-day and
6-month follow-up evaluations, at least; 3) the subject is 1875
years of age; 4) the subject has =1 wide-neck aneurysm (neck
diameter of =4.0 mm or dome/neck ratio of =1); 5) saccular
aneurysms are =10 mm; 5) the diameter of the parent artery is
2.0-6.5 mm; and 6) the internal carotid artery aneurysm is un-
ruptured. Aneurysms that were ruptured, dissecting, or comorbid
with other intracranial diseases were excluded. Recanalized large
or giant aneurysms were also included in this study. Therapeutic
alternatives, including conventional endovascular treatment or
flow-diversion treatment, were considered by the authors of the
present article to determine the most appropriate course of treat-
ment. Written consent was obtained from each patient.

Overall, 28 patients with 28 large or giant aneurysms were
recruited between August 2010 and August 2012 (2 patients had
multiple aneurysms, which were located at the opposite side of the
target aneurysms, and were not included in this study). The group
comprised 8 men and 20 women; the mean age was 54.8 years
(range, 20-73 years). The clinical presentations of these patients
varied and included no symptoms (n = 6), headache (n = 11),
recanalization (n = 3), oculomotor paralysis (n = 7), blurred
vision (n = 3), blindness (n = 1), and amenorrhea (n = 1). En-
dovascular treatments were performed by 2 authors of the present
article (J.-M.L. and Q.-H.H), each of whom has >10 years of
experience in intracranial stent placement. Of the 3 recanalized
aneurysms, 1 case was treated with coils alone, and the remaining
2 cases were treated with stent-assisted coiling with either Neuro-
form (Stryker Neurovascular, Fremont, California) or LEO (Balt
Extrusion, Montmorency, France).

Aneurysm Morphology

Locations of the 28 aneurysms were defined on the basis of the
segment of the ICA (according to the classification of Bouthillier
et al”) where the aneurysm necks were found. Thus, 1 of the 28
aneurysms was located at the petrous segment (the ICA within the
carotid canal), 10 were located in the cavernous segment (the ICA
from the superior margin of the petrolingual ligament to the
proximal dural ring), 7 were located in the paraclinoid segment
(the ICA that begins at the proximal dural ring and ends at the
distal dural ring where the ICA becomes intradural), 8 were lo-
cated in the ophthalmic segment (the ICA that begins at the distal
dural ring and ends just proximal to the origin of the posterior
communicating artery), and 2 were located in the communicating
segment (the ICA that begins just proximal to the origin of the
posterior communicating artery and ends at the ICA bifurcation).
The size of the aneurysms ranged from 11.3 to 44 mm, and the
mean size was 21.6 mm. The aneurysms were further classified
according to size as large (10—15 mm; n = 4), very large (15-25
= 8). The diameters of the
proximal parent arteries ranged from 3.6 to 5.8 mm. As described

mm; n = 16), or giant (=25 mm;

above, 3 aneurysms had been treated with coiling or stent-assisted
coiling before, while the others were all treated for the first time.

Description of the Tubridge Flow Diverter

and the Procedure

The Tubridge flow diverter is a braided, self-expanding stent-
like device with flared ends. Current Tubridge flow diverters
are available in various diameters (2.5-6.5 mm) and lengths
(12—45 mm). The large Tubridge (diameter, =3.5 mm) is a
braid of 62 nickel-titanium microfilaments and 2 platinum-
iridium radio-opaque microfilaments; the small Tubridge (di-
ameter, <3.5 mm) is composed of 46 nitinol and 2 platinum-
iridium microfilaments. All Tubridge flow diverters were
designed with a pore size of 0.040—0.050 mm?® at the nominal
diameter to provide high metal coverage (approximately 30.0%—
35.0%) at the aneurysmal neck after full opening.

The Tubridge is mounted to a delivery wire and constrained
within a removable sheath. The tip of the delivery wire is J-shaped,
which is designed to help prevent vascular endothelial cell injury
and to facilitate microcatheter removal through previous devices
and to deploy a second flow diverter. During the implantation
procedure, a Tubridge-compatible standard 0.029 inse diameter
(ID) microcatheter was placed in the distal segment (approxi-
mately 30 mm) of the aneurysm neck with the assistance of a
microwire. Then the Tubridge flow-diversion device was intro-
duced via the microcatheter into the target zone. Manipulation
during releasing resembles that in Silk flow diverters (Balt Extru-
sion). After we placed the Tubridge into position by pushing the
delivery wire and simultaneously withdrawing the microcatheter,
the device began to expand in the artery and was deployed. To
increase the proportion of metal coverage at the aneurysm neck,
we deliberately pushed the microcatheter toward the aneurysm
neck while the aneurysm neck was partially covered by the stent.
Generally, the shortening rate after complete deployment of the
Tubridge is approximately <50.0%, depending on the size of the
Tubridge relative to the vessel and any discrepancies between
the proximal and distal vessel diameters. There is a marker in the
middle of the Tubridge; the device can be retracted until released
to that point. After one deploys the first one, a second flow di-
verter would be considered if a disturbed inflow jet was not
observed.

Seven of the 25 initially treated aneurysms and all of the 3
recanalized aneurysms were treated by using the Tubridge alone;
the remaining 18 aneurysms were treated with the Tubridge flow
diverter and loose coiling. In the 18 patients treated with a com-
bination of the Tubridge and coils, all flow diverters were de-
ployed after coiling. In 1 aneurysm with an extremely wide neck, 1
LEO stent was deployed first, which was followed by the telescopic
placement of 2 Tubridge flow diverters that were delivered
through the LEO stent. After the procedure was completed,
DynaCT (Siemens, Erlangen, Germany) reconstruction was per-
formed in each patient to ensure the full opening of the Tubridge.
To assess the friction associated with the delivery, after the proce-
dure, the 2 operators were required to record their assessments of
the delivery process compared with that in Enterprise stents
(Codman & Shurtleff, Raynham, Massachusetts), which were
classified as “difficult,” “comparable,” and “better.”
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Anticoagulation and Antiplatelet Management

Each patient received systemic heparin after the placement of the
sheath. The activated clotting time was maintained at 2-3 times
the baseline throughout the procedure. Each patient received dual
antiplatelet drugs (300 mg/day aspirin plus 75 mg/day clopi-
dogrel) for at least 3 days before the procedure. A postoperative
antiplatelet regimen was administered as follows: <6 weeks: 300
mg aspirin + 75 mg clopidogrel; 6 weeks to 3 months: 100 mg
aspirin + 75 mg clopidogrel; =3 months: 100 mg aspirin
indefinitely.

Clinical and Angiographic Evaluation

According to our protocol, each patient was clinically evaluated at
discharge and prescribed follow-up assessments at 1, 3, and 6
months posttreatment and yearly thereafter. An angiographic
evaluation consisting of digital subtraction angiography was per-
formed immediately after the procedure, at 6 months posttreat-
ment, and yearly thereafter. For aneurysms treated with the
Tubridge flow diverter plus coils, the angiographic results
obtained immediately after the procedure were classified accord-
ing to the Raymond classification system. For aneurysms treated
with the Tubridge alone, flow modifications were defined as dis-
rupted inflow jet, slow flow (if the contrast circulation within the
aneurysm became slower), or reduced contrast filling (if increased
contrast stagnation was observed within the aneurysm at the late
venous phase of the angiographic series).'® At follow-up, the an-
giographic results were independently interpreted by 2 experi-
enced neurosurgeons who were not involved in this study and
compared with the initial results to determinate whether the an-
eurysms were completely occluded, improved, stable, or recana-
lized. Branches that were covered by flow diverters were examined
to confirm patency. Each patient’s clinical symptoms were evalu-
ated and recorded as completely/partially relieved or worsening.

RESULTS

The characteristics of the 28 patients treated with Tubridge flow
diverters, including demographic information, clinical presenta-
tion, morphologic features of the aneurysms, treatment results,
and follow-up data are summarized in Tables 1 and 2.

Immediate Angiographic and Clinical Results

Tubridge delivery was successful in all 28 patients. Thirty-three
Tubridge flow diverters were implanted, all of which had a large
(diameter, =3.5 mm) braid of 64 microfilaments. For 5 aneu-
rysms, 2 overlapping flow diverters were deployed, while the re-
maining 23 aneurysms were treated with a single flow diverter. No
obvious difficulties with device delivery or deployment were en-
countered, and the amount of friction associated with the delivery
was comparable with that of Enterprise stents. However, poor
midstent opening was identified in 1 patient (1/33, 3.0%) with an
aneurysm in the cavernous segment of the internal carotid artery
and a remarkable tortuous parent artery. We attempted to expand
the poorly opened stent with a microballoon; however, delivery of
the microcatheter though the stent proved to be difficult, and the
attempt was abandoned. Fortunately, this patient experienced no
untoward effects of the procedure, and close clinical observation
was arranged (Fig 1).
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Table 1: Clinical, angiographic, and follow-up data in 28 patients
with 28 large or giant ICA aneurysms

Characteristics

Patients (aneurysms) (No.) 28 (28)
Mean age (range) (yr) 54.8 (20-73)
Male/female 8:20
Aneurysm location
ICA communicating 2
ICA ophthalmic 8
ICA paraclinoid 7
ICA cavernous 10
ICA petrous 1
Presentation
Asymptomatic 6
Headache 1
Recanalization 3
Oculomotor paralysis 7
Blurred vision 3
Blind 1
Amenorrhea 1
Aneurysm size
Large (1015 mm) 4
Very large (15-25 mm) 16
Giant (=25 mm) 8

Table 2: Clinical, angiographic, and follow-up data in 28 patients
with 28 large or giant ICA aneurysms

Treatment
Treatment strategy
FD alone 10
FD + loose coiling 18
No. implanted flow diverters
Two overlapping flow diverters 5
Single flow diverter 23
Technique adverse event
Poor midstent opening 1
Immediate angiographic results
Partial occlusion 16
Neck remnant 2
Disrupted inflow jet and slow flow 9
Flow reduction 7
No change 3
Clinical symptoms
Resolved 13
Improved 6
No change 4
Transient worsening 5
Overall procedure-related morbidity/mortality 0/0

Follow-up angiographic results (n = 25)

Complete occlusion 18 (72%)
Improvement 6(24%)
Stable 1(4%)

For the 18 aneurysms treated with a flow diverter and coiling,
the immediate angiographic results included neck remnant in 2
aneurysms and sac residue in the remaining 16 aneurysms. For the
10 aneurysms treated with a flow diverter alone, disrupted inflow
jet and slow flow were observed in each patient except for the 1
patient with a poor midstent opening; flow reduction was ob-
served in 7 aneurysms (reduction of <50.0% in 5 patients, reduc-
tion of =50.0% in 2 patients) (Fig 2), and the remaining 3 aneu-
rysms exhibited no obvious change (1 was due to poor midstent
opening as described above). In total, there were 27 visible
branches covered by the Tubridge, including 23 ophthalmic ar-



FIG 1. Rightinternal carotid artery digital subtraction angiography (A) revealed a 13-mm wide-neck cavernous segment aneurysm. A Tubridge
flow diverter was deployed into the parent artery, aimed at covering the aneurysmal neck, but postoperative DynaCT revealed that the flow
diverter was not fully opened (B, white arrow). Cross-sectional image (C, white arrow) and 3D reconstruction (D, white arrow) show poor
opening of the device. Fortunately, 18-month follow-up angiography reveals that the aneurysm is stable with a patent artery (E).

teries, 2 meningohypophyseal trunks, 1 early frontal branch (in
this case, the Al segment was absent, and the distal part of the
Tubridge was deployed into the middle cerebral artery), and 1
posterior communicating artery, all of which were patent follow-
ing Tubridge deployment.

Clinical Outcome

In all 28 patients, neither ischemic nor hemorrhagic complica-
tions occurred. During the follow-up period of 6-30 months
(mean, 19.0 months), symptoms were resolved in 13 patients (4
cases of oculomotor paralysis, 9 headaches), improved in 6 pa-
tients (3 cases of oculomotor paralysis, 1 case of blurred vision, 2
headaches), and unchanged in 4 patients (2 cases of blurred vi-
sion, 1 case of blindness, and 1 case of amenorrhea). Five patients
experienced transient clinical deterioration due to a postoperative
increase in mass effect. Of these 5, three had moderate headache
within 2 weeks after the operation, and 2 experienced worsening
oculomotor nerve paralysis within 3 months of the procedure. How-
ever, all of these symptoms had resolved by the last follow-up. Thus,
there were no instances of procedure-related morbidity or mortality.

Follow-Up Angiographic Results

Twenty-five patients with 25 aneurysms completed a least 1 fol-
low-up cerebral angiography; the remaining patients were unwill-
ing to undergo angiographic follow-up for various reasons. The
follow-up periods ranged from 5 to 24 months (mean, 9.9

months). Eighteen of the 25 (72.0%) aneurysms for which fol-
low-up data were available were completely occluded, whereas the
6(24.0%) in which only a neck remnant was observed (Fig 3) were
improved, and 1 (the case in which the stent did not fully open)
remained unchanged. Detailed outcomes of aneurysms treated
with “FD alone” and “FD plus coiling” are shown in Table 3. In
the “FD alone” group, the complete occlusion rate was 75.0%,
while that in the “FD plus coiling” group was 70.5%. On the
angiograms, parent arteries of all cases were patent, and there
was no evidence of intimal hyperplasia or in-stent stenosis. All
of the visible covered branches were patent without stenosis or
obliteration.

DISCUSSION

In the present article, we report preliminary findings related to the
application of Tubridge flow diverters in large or giant ICA aneu-
rysms. Despite the complex morphologies of these aneurysms, the
short-term results are satisfactory, with a high technique success

rate and minor technique/clinical complications.

Characteristics and Feasibility of Tubridge Flow Diverters
The Tubridge is actually a stentlike vessel-reconstruction device
designed with a high metal coverage rate and low porosity. It
diverts blood flow away from the aneurysm while preserving nor-
mal blood flow of the side branches.
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FIG 2. Rightinternal carotid artery digital subtraction angiography and 3D reconstruction (A—C) reveal a giant cavernous segment aneurysm of
approximately 25.3 mm. The microcatheter is delivered across the aneurysmal neck (D), and 1 Tubridge flow diverter is deployed. Postoperative
angiography reveals a disrupted inflow jet, slow flow, and flow reduction (E and F). The 23-month follow-up angiography reveals that the
aneurysm is completely occluded (G). H, The black arrow points to the patent covered ophthalmic artery during follow-up compared with the
preoperative image. MR imaging follow-up shows shrinkage of the aneurysm (black arrow).

FIG 3. Leftinternal carotid artery digital subtraction angiography of an aneurysm treated with a Tubridge flow diverter combined with coils,
which results in partial occlusion of the aneurysm (A). DynaCT reconstruction reveals full opening of the flow diverter (B).The 18-month
follow-up angiography reveals that the aneurysm has improved, and only a neck remnant is observed (C, black arrow).
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Table 3: Follow-up angiographic outcome of different treatment xeept for the use of a nickel-titanium alloy (commonly

modalities known as nitinol, which exhibits shape-memory and superelastic-

FD Plus ity) and flared ends, the Tubridge offers multiple structural

FD Alone  Coiling Total improvements over the Pipeline Embolization Device (Covidien,

Complete occlusion 6(75.0%)  12(70.5%) 18(72.0%) Irvine, California) and Silk flow diverters (Table 4). The plati-

el 1(125%) >(294%)  6(24.0%) num-iridium material used for the radio-opaque microfilaments
Unchanged 1(12.5%) 0 1(2.0%)

Total 8 17 25 improves the visualization of both the diameter and the length

during the placement procedure. More important, the use of
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Table 4: Structure comparison among different flow diverters

Braided Microfilaments®

Radio-Opaque Metal
Type Size (mm) No. Material Microfilaments FlaredEnd Coverage Retrievable
Pipeline 3-5.5 48 75% Cobalt chromium ~ NA No 30%-35% No®
and 25% platinum
Silk 2.5-5 48 Nickel-titanium alloy 4 Platinum wires Yes 35%—55% Yes
Surpass 2.5-5 2.5 mm, 36; 3 and Cobalt-chromium 12 Platinum wires No 30% NA
4 mm, 60; 5 mm, 84
Tubridge 2.5-6.5 <3.5mm, 46; Nickel-titanium alloy 2 Platinum-iridium Yes 30%—35% Yes
=3.5mm, 62 wires

Note:—NA indicates not applicable.

2 Braided microfilaments mean those main wires excluding microfilaments especially for radio-opaque usage.
® The Pipeline Embolization Device is not retrievable, but at any point up to final deployment, it may be captured and removed from the body.

more braided microfilaments for the large-size flow diverter de-
creases the shortening rate of the flow diverter after full opening
and offers more appropriate pore attenuation compared with the
48-wire design of the Silk or Pipeline flow diverters. Similarly, the
recently introduced Surpass flow diverter (Stryker Neurovascu-
lar) was also designed with different structures: The 2.5-mm-di-
ameter device has 48 wires, whereas the 3- and 4-mm devices have
72 wires and the 5-mm device is constructed of 96 wires."' More-
over, their users experienced neither the complications of device
migration nor incomplete neck coverage due to device shortening
as reported in early series.'>'*> We believe that these structural
improvements combined with extensive operator expertise (both
of our operators had practiced the delivery and deployment of the
Tubridge on models and gained full knowledge of the Tubridge
characteristics before placing it in humans) reduced the chance of
technical adverse events in patients treated with FD.

A major concern during Tubridge development was related to
theoretic difficulties of placing a device with more braided microfila-
ments. However, no remarkable delivery difficulties occurred. In the
present trial, all flow diverters were successfully deployed except for 1;
this outcome resulted in a technical adverse events rate of 3.0%. Ad-
ditionally, no flow diverters fell into the aneurysmal sac or missed
complete neck coverage due to device shortening. These results are
comparable with those reported in other FD series; technical adverse
events rates for the Pipeline and Silk flow diverters have been re-
ported as 2.3%—13% and 12.3%-23.1%, respectively.'>'>>

In theory, a flow diverter can promote healing in aneurysms
without additional coiling. However, coils were introduced into
the aneurismal sac simultaneously with flow diverter placement
in 18 aneurysms of this series. This was done to help the micro-
catheter cross the neck of extremely wide-neck aneurysms and/or
to promote aneurysm thrombosis to prevent early or delayed an-
eurysm rupture.”® Additionally, for extremely wide-neck aneu-
rysms, coils may provide good support for implanted flow divert-
ers and help stabilize a flow diverter during deployment.
Otherwise, flow diverters may protrude into the aneurismal sac
due to the impact of blood flow.

Safety of Tubridge Flow Diverters

Although various articles have reported promising results
from treating aneurysms with FD, increasing questions have
arisen about this type of treatment. In some prospective stud-

£ 1c13,16,18,19,21-26
1€8

and series with large numbers'? of the Pipeline
and Silk devices, the periprocedural complication rate has been

reported to generally range from 2.8% to 11%, with a rate of

ischemia and SAH/intracerebral hemorrhage ranging from 0.9%
to 7.7% and 0% to 6.6%, respectively. Delayed complication rates
of ischemia, bleeding, and mass effect were reported to be 0%—
11.5%, 0%—4.7%, and 0%-23%, respectively. The overall mor-
bidity and mortality associated with Pipeline and Silk in these
studies were 0%—15% and 0%—6.6%, respectively. Ischemic com-
plications are generally due to intrastent thrombosis and/or side
branch occlusion. However, intrastent thrombus formation and
subsequent parent artery occlusion were always related to poor
stent opening.'>”'7?° Resistance to antiplatelets is another possi-
ble reason; however, for patients with full opening of the stents,
the ischemic event rate was not reported to be higher than that for

the self-expansion stent, 7

though the dose of dual antiplate-
let medicine varied in different articles.

To date, most side branch occlusion events have been reported
to occur in patients who are treated with more than 2 flow divert-
ers or stents: Szikora et al** reported 2 cases of ophthalmic artery
occlusion, in which the number of flow diverters implanted was
either 3 or 4. One patient in the Pipeline Embolization Device for
the Intracranial Treatment of Aneurysms Trial experienced len-
ticulostriate occlusion after the implantation of 2 Pipeline flow
diverters and 1 Neuroform stent.?! In our series, only I instance of
poor stent opening occurred, which did not lead to occlusion of
the parent artery. Moreover, we did not encounter any other
periprocedural or delayed ischemic events by using the present
antiplatelet regimen. To ensure subject safety in our series, we
implanted no more than 2 flow diverters into any single parent
artery. In addition, manipulation of the microcatheter and FD can
help decrease the metal coverage rate on the aneurysmal neck and
minimize the impact of diversion on the intact vessels and perfo-
rators. No visible side-branch occlusions were noted in the pres-
ent series.

Another severe complication associated with flow diverter im-
plantation is intracranial bleeding. Although the exact reason is
unknown, some authors believe that increased intrasaccular pres-
sure and unstable thrombus formation may be involved.>>*” On
the basis of reports of these events, the Balt Extrusion Company
released an urgent safety notice in 2010, which advised that coils
be used in combination with Silk implantation. However, in the
present series, we did not encounter any hemorrhagic complica-
tions. This outcome may be due to the implantation of additional
coils for selected aneurysms. Additional coils may promote
thrombi formation in the aneurysm sac and decrease the risk of
aneurysm rupture. However, the low rates of hemorrhagic events
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observed in the present study may be due to biases associated with
small sample sizes. The necessity of additional coil embolization is
under review by various randomized clinical trials such as the
Efficacy Trial of Intracranial Aneurysm Treatment Using Two
Different Endovascular Techniques.?® A multicenter prospective
trail comparing Tubridge flow-diverting treatments with Enter-
prise stent-assisted coiling, which is also being conducted in
China (registered on the Chinese Clinical Trial Registry: ChiCTR-
TRC-13003127), may provide more information about the safety
of Tubridge implantation.

Large aneurysms, especially those that are very large or giant,
are more often associated with thrombus-induced mass effect or
perianeurysm edema following flow diverter implantation. How-
ever, most of these complications are transient. Byrne et al®* re-
ported 4 cases of worsening cranial nerve palsy or brain stem
compression symptoms due to delayed aneurysm thrombosis and
mass effect in 4 patients. Of these 4 patients, 3 recovered and 1
with a basilar artery aneurysm died. Berge et al'® reported that 15
patients presented with headaches that were associated with wors-
ening symptoms; however, all of these symptoms were transient
and eventually resolved. We also observed this phenomenon in 5
of our patients. However, all symptoms had resolved by the fol-
low-up. Furthermore, we observed partial or complete improve-
ment of the symptoms caused by mass effect in most of our pa-
tients, except for cases associated with badly damaged nerves.

Efficacy of Tubridge Flow Diverter Implantation

The concept of flow diversion relies on isolating blood flow away
from the aneurysm sac and promoting reconstruction of the par-
ent artery, rather than embolizing the aneurysm sac to make it as
compact as possible. The immediate angiographic results often
indicate a disturbed flow jet, contrast stagnation, or decreased
contrast filling, but not complete occlusion (even in aneu-
rysms treated with FD and coils). However, thrombosis will
persist during the follow-up period. The available data suggest
that the overall complete occlusion rates beyond 6 months for
Pipeline and Silk are 68%-87.8% and 68.4%-94.4%,
respectively,'>1¢1%23

In our series, we observed excellent angiographic results after
Tubridge implantation. During the mean follow-up period of 9.9
months, 18 aneurysms were completely occluded. The overall
complete occlusion rate was 72%, which is comparable with those
of silk flow diverters and the Pipeline Embolization Device and
appears to be much better than those rates associated with con-
ventional endovascular treatments.>>%>° However, studies with a
long-term follow-up and larger series are necessary. De Vries et
al''recently reported their 6-month follow-up result, which
showed a complete occlusion (94%), including 1 case with a 95%-—
100% occlusion. However, their research contained a high num-
ber of small aneurysms, which may influence the occlusion rate.
There are still 6 improved aneurysms in our series with only a neck
remnant observed. These will be followed up to determine
whether they will finally be completely occlude.

In this study, we listed the outcome of aneurysms treated with
different modalities (Table 3). The FD-alone group seems to be
comparable with the FD-plus coiling group; these results may
raise doubts about the necessity of additional coils if there is no
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safety or delivery consideration as discussed above. However, the
sample is small, and further study is needed to draw such
conclusions.

Limitations

We acknowledge that the major limitations of this study include
the relatively small series size, a short angiographic follow-up pe-
riod, and lack of randomized comparisons with other potentially
efficacious therapies. Patient-selection bias may also exist due to
the strict inclusion criteria. However, the data suggest that the
Tubridge flow diverter is a safe and effective tool for the treatment
of large and giant ICA aneurysms.

Another concern is the application of an antiplatelet regimen
for flow diverters. An appropriate regimen should minimize the
risk of thromboembolic events, while using as low a dose of anti-
platelet drugs as possible to avoid of hemorrhagic complications.
However, antiplatelet regimens still vary in the literatures; the
dose, the intervals, and even the main drug used are differ-
ent.'»!>18192324 Oyr regimen is modified according to our pre-
vious experience of intracranial stent placement, which still seems
to be safe for Tubridge implantation. However, multicenter ran-
domized trials with larger subject numbers and long-term fol-
low-up studies are necessary.

CONCLUSIONS

Our preliminary experience demonstrated that the Tubridge flow
diverter is a safe and effective tool for the treatment of large and
giant ICA aneurysms. However, multicenter randomized trials
and long-term follow-up studies are necessary.

Disclosures: J.-M. Liu—RELATED: During the development, | gave some advice about
the design of this device and offered some data about our previous hemodynamic
studies.
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Cavernous Carotid Aneurysms in the Era of Flow Diversion:
A Need to Revisit Treatment Paradigms

O. Tanweer, E. Raz, A. Brunswick, D. Zumofen, M. Shapiro, H.A. Riina, M. Fouladvand, T. Becske, and P.K. Nelson

ABSTRACT

BACKGROUND AND PURPOSE: Recent techniques of endoluminal reconstruction with flow-diverting stents have not been incorpo-
rated into treatment algorithms for cavernous carotid aneurysms. This study examines the authors’ institutional experience and a system-
atic review of the literature for outcomes and complications using the Pipeline Embolization Device in unruptured cavernous carotid
aneurysms.

MATERIALS AND METHODS: A retrospective search for cavernous carotid aneurysms from a prospectively collected data base of
aneurysms treated with the Pipeline Embolization Device at our institution was performed. Baseline demographic, clinical, and laboratory
values; intrainterventional data; and data at all follow-up visits were collected. A systematic review of the literature for complication data
was performed with inquiries sent when clarification of data was needed.

RESULTS: Forty-three cavernous carotid aneurysms were included in the study. Our mean radiographic follow-up was 2.05 years. On last
follow-up, 88.4% of the aneurysms treated had complete or near-complete occlusion. Aneurysm complete or near-complete occlusion
rates at 6 months, 12 months, and 36 months were 81.4%, 89.7%, and 100%, respectively. Of patients with neuro-ophthalmologic deficits on
presentation, 84.2% had improvement in their visual symptoms. Overall, we had a 0% mortality rate and a 2.3% major neurologic compli-
cation rate. Our systematic review of the literature yielded 227 cavernous carotid aneurysms treated with the Pipeline Embolization Device
with mortality and morbidity rates of 0.4% and 3.1%, respectively.

CONCLUSIONS: Endoluminal reconstruction with flow diversion for large unruptured cavernous carotid aneurysms can yield high effi-
cacy with low complications. Further long-term data will be helpful in assessing the durability of the cure; however, we advocate arevisiting
of current management paradigms for cavernous carotid aneurysms.

ABBREVIATIONS: CCA = cavernous carotid aneurysm; PED = Pipeline Embolization Device

Cavernous carotid aneurysms (CCAs) are a distinct form of
extradural intracranial aneurysms. The natural history of
CCAs has been studied, with the conclusion that these aneurysms
have a low risk of causing major morbidity and mortality.'™
However, once they reach the size at which they penetrate or
protrude through the dura, they, like other intradural aneurysms,
carry the risk of subarachnoid hemorrhage. The overall relatively

Received January 29, 2014; accepted after revision May 13.

From the Departments of Neurosurgery (O.T., A.B., D.Z,, P.X.N.), Radiology (ER,
D.Z, MS., HAR, T.B, P.K.N.), and Neurology (M.F., T.B., P.K.N.), New York Univer-
sity School of Medicine, New York, New York.

PED devices were provided free by Chestnut Medical for 16 of the described pa-
tients as part of the Pipeline Embolization Device for Uncoilable or Failed Aneu-
rysms trial.

Please address correspondence to Peter K. Nelson, MD, Department of Radiology,
New York University School of Medicine, 660 First Ave, New York, NY 10016;
e-mail: peter.nelson@nyumc.org

http://dx.doi.org/10.3174/ajnr.A4081
2334

Tanweer Dec 2014 www.ajnr.org

benign natural history has been weighed against traditional treat-
ment options, including surgical clipping, parent artery occlusion
with or without bypass, and endovascular coiling, all of which
carry varying risks of major morbidity and mortality. The result
has shown that expectant management for most CCAs carries a
significantly lower risk than treatment, and this has been the stan-
dard of care for most CCAs for the past several decades.

The consensus among practitioners has been that CCAs merit
treatment only in narrowly defined circumstances (Table 1).'~
Underlying reasons to pursue conservative management also in-
clude the low annual rupture rate of CCAs and their tendency to
rupture into the cavernous sinus, leading to carotid cavernous
fistula formation rather than subarachnoid hemorrhage.

A treatment option that can offer a durable solution with low
morbidity and mortality would warrant reconsideration of our
current treatment paradigms for CCAs. Recently, flow diversion
by using the Pipeline Embolization Device (PED; Covidien,



Table 1: Generally accepted indications to treat CCAs

Indications

Symptomatic CCAs

Symptomatic mass effect (ophthalmoplegia or intractable

retro-orbital pain)

Symptomatic with acute thrombotic changes
Symptomatic or asymptomatic CCAs

Ruptured aneurysms

Bony erosion

Radiographic evidence of projection into subarachnoid space

Underlying coagulopathy

Large aneurysms (>10 mm)

Evidence of growth of aneurysms

Irvine, California)® has been introduced and approved by the
FDA for treatment of internal carotid artery aneurysms. In early
studies, the PED was considered feasible for deployment in most
CCAs,? and since then, many studies have reported its safety and
feasibility for the treatment of anterior circulation aneurysms.>”*®
Because the natural history of CCAs is generally favorable, the
burden of intervention lies with the success and safety of a device.

We present a single-center study of CCAs treated with the PED
and the outcomes and complications. In addition, we review the
current literature for morbidity and mortality of CCA treatment
with flow diversion. This analysis and accumulation of outcome
data may help provide further insight into the ongoing dilemma
of management of CCAs.

MATERIALS AND METHODS

The data for this study were collected prospectively but reviewed
retrospectively. Our institutional review board approval was ob-
tained prospectively, as part of a larger study. Informed consent
was obtained from all participants; the study was compliant with
Health Insurance Portability and Accountability Act regulations.
From a larger cohort of 126 consecutive subjects treated before
December 2011, 43 patients had treatment of a CCA with a PED.
Aneurysms of acute dissecting, traumatic, and infectious etiology
were excluded.

We recorded the following baseline demographic, clinical, and
laboratory values: age, sex, and baseline neuro-ophthalmologic
examination (performed by a neuro-ophthalmologist, M.F.). In-
trainterventional data recorded were the location of the aneu-
rysm, the size of the aneurysm, and the number of PEDs deployed.
At follow-up, the time interval from the procedure, the complete
or partial aneurysm occlusion, and ophthalmologic examination
(when clinically pertinent) were recorded.

Treatment Protocol

Procedures were performed with the patient under general anes-
thesia by using 6F or 7F femoral artery access. A 5F or 6F guiding-
catheter system was placed into the distal cervical or horizontal
petrous segment of the internal carotid artery. A 0.027-inch-in-
ner-diameter microcatheter (Renegade Hi Flo; Boston Scientific,
Natick, Massachusetts or Marksman; Covidien) was then manip-
ulated over a0.014- to 0.016-inch microwire (Transend-14, Tran-
send-18; Stryker Neurovascular or Headliner-16; Terumo, To-
kyo, Japan) into a position across the aneurysm neck. Once the
microcatheter was in position, the PED was loaded into the hub of
the delivery microcatheter and advanced. The device was then

deployed through a technique previously described.® Once de-
ployed, the delivery microcatheter was advanced over the delivery
microwire to recapture the microwire and re-establish its position
distal to the aneurysm. If needed, additional PEDs were then de-
ployed by using the same technique. Immediate post-treatment
angiography was performed in the working projections for PED
reconstruction and in the standard angiographic projections.
Neurologic status was assessed before treatment, immediately af-
ter treatment, and at discharge.

Periprocedural Medications

Most patients received 75 mg of clopidogrel and 325 mg of ace-
tylsalicylic acid per day starting at least 5 days before the proce-
dure. A small number of patients received loading doses during a
48-hour period, with a minimum total preprocedural clopidogrel
dose of 300 mg. During the intervention, patients were anticoag-
ulated by an intravenous bolus of heparin sodium (2000—-3000
U). Patients continued clopidogrel (75 mg daily) and acetylsali-
cylic acid (325 mg daily) for a minimum of 180 days after
treatment.

Follow-Up Protocol and Imaging Evaluation

Subjects underwent mandatory clinical follow-up and repeat
angiography follow-up to assess aneurysm occlusion, PED po-
sitioning, and in-stent stenosis. We considered the longest
angiographic follow-up when >1 phase of follow-up was
available. All angiograms were reviewed by 3 neurointer-
ventionalists. Radiographic outcome was categorized as either
complete occlusion, remnant neck (near-complete occlusion),
and residual aneurysm. Because no adjunct coils were used,
assessment of radiographic outcome was straightforward with
99% interobserver agreement.

All patients underwent neurologic examination on follow-up
visits. The patients who presented with visual symptoms were
followed by the Neuro-Ophthamology Department. Complica-
tions were grouped into mortality, major morbidity (new post-
procedure permanent neurologic deficit), and minor morbidity
(transient new deficit).

Systematic Literature Review
To assess multicenter complication rates with flow diversion, we
performed a systematic literature review. On-line data bases
MEDLINE (PubMed) and EMBASE were searched for English
language articles published up to April 2013 containing the fol-
lowing search terms: “intracranial aneurysms” or “cavernous ca-
rotid aneurysms” or “flow diverter” or “flow diversion” or “Pipe-
line Embolization Device” or “Silk.” In addition, bibliographies
were examined for additional articles. Inclusion criteria were the
following: a series of =5 patients who had 1) flow diversion for
CCA, 2) clinical follow-up of at least 3 months, and 3) neurologic
complication and mortality data. Studies reporting a larger cohort
of aneurysms were included if data on outcomes specific to CCAs
were available. When applicable, inquiries to senior authors of
studies requiring further clarification on CCA data were made.
Studies in which most patients were included in another study or
reported trial were eliminated.

Results are represented as mean = SD. The Fisher exact test
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Table 2: Demographics, patient presentation, and aneurysm
characteristics

No. or Mean
Age (yr) 57 +14.2
Female 83.7% (36)
Presenting symptom
Visual 65.1% (28)
Headaches 16.3% (7)
Thromboembolic event 47%(2)
Memory 2.3%(1)
Facial pain/numbness 2.3% (1)
Aneurysm maximum diameter (mm) 243+£97
Small, <10 mm 0
Large, 10-25 mm 23
Giant, =25 mm 20
Aneurysm neck (mm) 13.6 =116
Dome-to-neck ratio 22+ 9

was used for comparison of categoric data, given our sample size.
P values < .05 were statistically significant.

RESULTS

At our institution, 43 CCAs treated with PEDs were included in
our study. These cases represented a consecutive cohort of CCAs
treated with PEDs up to December 2011. Sixteen of these patients
were included in the Pipeline Embolization Device for Uncoilable
or Failed Aneurysms study.”

Baseline Patient and Aneurysm Characteristics

Forty-three CCAs were present in 41 patients. The average age
of the patient was 57 = 14.2 years old, and 84.1% were female
(n = 36). None of these aneurysms were ruptured. The major
presenting symptoms were ophthalmologic (diplopia, visual
field deficits, or change in visual acuity) in 65% of the patients,
headaches in 16.3%, and incidental findings in 9.3%. Most
aneurysms were large with wide necks. The average maximum
diameter of the treated CCAs was 24.3 * 9.7 mm; the aneu-
rysm neck was 13.6 £ 11.6 mm. The dome/neck ratios were
2.2 = 0.88. Three of the aneurysms were treated previously
with coils, Onyx embolization (Covidien), and coil plus stent,
respectively. Partial thrombosis was noted in 25.6% (n = 11) of
patients (Table 2).

Procedural Specifics

A total of 165 PEDs were deployed in the treatment of the 43
aneurysms. On average, 3.8 = 2.1 PEDs were used per aneu-
rysm, and no patient was treated with a single PED (range,
2-10). During this period, the longest PED available was 20
mm, partially accounting for the high PED/aneurysm ratio. All
PEDs were deployed without complications, and no instance of
PED retraction into the aneurysm sac, dissection, or device
migration was noted. An intraoperative ipsilateral subarach-
noid hemorrhage was encountered in 1 patient. An avulsion of
a small branch arising from the angular division of the right
middle cerebral artery with slow extravasation of contrast was
seen on angiography, and a parenchymal and Sylvian hema-
toma was revealed by intraprocedural conebeam CT. This
likely was the result of a wire perforation during an exchange
technique to bypass the aneurysm neck. The bleeding was con-
trolled with deconstructive embolization with Guglielmi de-
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tachable coils (Stryker Neurovascular), leading to hemostasis
documented by follow-up CT. The patient was discharged to a
subacute nursing facility, and her 1-year mRS was 3.

Adjunctive treatments included coil embolization (1 case) and
balloon angioplasties. The single adjunctive coil embolization was
performed to obtain distal access through the complex aneurysm
neck, where 9 coils were placed and used to deflect the Marksman
catheter away from the aneurysm dome. Adjunctive balloon an-
gioplasties, however, were more often used in 32.6% of patients
(n = 14). The goal of balloon angioplasty was either to dilate
severely stenotic perianeurysmal segments of the ICA before PED
delivery or, in most instances, to appose the device against the
vessel wall in cases in which incomplete device opening was noted,
especially in case of excessively tortuous anatomy. No instance of
vessel injury, dissection, or rupture was experienced during or
after balloon angioplasty. An additional indication for balloon use
was as an anchor for distal microcatherization of the parent vessel
in 1 case.

Radiographic Follow-Up and Clinical Outcomes

Our mean radiographic follow-up was 2.05 years (range, 0.5-3.5
years). All radiographic follow-up was with DSA except for 1 pa-
tient in whom CTA was performed. On last follow-up of all pa-
tients, 76.7% had complete occlusion of the aneurysm, 11.6% had
entry/neck remnant, and 11.6% had residual filling of their aneu-
rysm. Therefore, 88.4% of the aneurysms treated had complete or
near-complete occlusion on last follow-up (See Fig 1 for a repre-
sentative case). Aneurysm complete or near-complete occlusion
rates at 6, 12, and 36 months were 81.4%, 89.7%, and 100%,
respectively (Fig 2). No migration of PEDs on follow-up studies
was noted. In-stent stenosis higher than 50% was found in 3 0f 43
patients at 6-month follow-up, and an additional case of stenosis
was found at 1-year follow-up. All of these cases were asymptom-
atic complete occlusion of the parent vessel along with the aneu-
rysm. In addition, there was no instance of aneurysm expansion in
our series.

As mentioned above, 1 instance of major neurologic morbid-
ity was encountered during the periprocedural phase. No other
major neurologic morbidity or mortality was reported during our
follow-up period. Overall, we had a 0% mortality rate and a 2.3%
major neurologic complication rate. Three cases of transient neu-
rologic deficits were encountered. One of these was a small ipsi-
lateral frontal hematoma found at 3 days postprocedure. Of the 19
patients who had neuro-ophthalmologic evaluation before PED
placement and continuing follow-up afterward, 84.2% had im-
provement in their visual symptoms; the rest had no improve-
ment and none had worsening. In addition, there were no cases of
SAH after treatment during our follow-up. One case of carotid
cavernous fistula was found on 6-month follow-up, presenting as
tinnitus on posttreatment day 1; however, the patient did not
report this symptom.

Systematic Literature Review

Sixteen studies met our inclusion criteria of having at least 5
patients with CCAs in which morbidity and mortality data for
that cohort were available and at least 3-month follow-up to
ensure that any delayed complications were included. The se-



FIG 1. A 65-year-old woman who presented with progressive left-sided ophthalmoparesis due to third and fourth cranial nerve palsy. Digital
subtraction angiography in frontal (A) and lateral (B) views demonstrates a large (19-mm-diameter) aneurysm arising from the cavernous segment
of the left internal carotid artery. The patient was treated by endoluminal reconstruction of the LICA with 3 overlapping PEDs (frontal, C, and
lateral, D). One-year follow-up digital subtraction angiography in frontal (E) and lateral (F) views and 5-year follow-up digital subtraction
angiography in frontal (G) and lateral (H) views confirm stable angiographic cure. Regression of symptoms was correlated with the resolution of
aneurysm mass effect as illustrated by comparison of the pretreatment gadolinium-enhanced axial TI-weighted MR image (I, white arrow) with

the 5-year follow-up axial T2-weighted MR image ()).

FIG 2. Radiographic outcomes at 6, 12, and 36 months.

nior authors of 6 studies were e-mailed for further clarification
of their data, with an 83% response rate with further helpful
delineation of their data (Table 3). When we included our data,
296 CCAs treated with flow diversion were found in the liter-
ature. A cumulative major morbidity rate was 4.1%, and the
mortality rate was 0.7%. A subanalysis looking at studies that
used the PED found the morbidity and mortality rates to be
only 3.1% and 0.44%, respectively. Studies in which only a Silk
flow-diverter stent (Balt Extrusion, Montmorency, France)
was used had morbidity and mortality rates of 7.5% and 1.9%,
respectively. The greater morbidity seen in Silk studies com-
pared with PED studies trended toward but did not meet sta-
tistical significance (P = .063).

DISCUSSION

In our series of 43 CCAs, we achieved complete or near-complete
occlusion of the aneurysm in 88.4% of the patients at last follow-
up. By 3 years, 100% of the followed aneurysms achieved com-

Table 3: Systematic review of the literature for flow diversion of
CCAs

Total Major
Aneurysms Silkor CCAs Morbidity Mortality

Study in Study PED (No.) (No.) (No.)
Berge et al*® 77 Silk 29 3 0
Becske et al’? 108 PED 28 1 0
Chan et al*® 13 PED 5 0 0
Chitale et al*' 42 PED 16 2 0
Cinar et al*? 55 PED 5 0 0
Fischer et al**® 101 PED 15 1 0
Lubicz et al** 34 Silk 5 1 0
Lylyk et al® 63 PED n 0 0
McAuliffe et al*>< 57 PED 1 0 0
Nelson et al® 31 PED 5 0 0
O'Kelly et al® 94 PED 28 0 0
Piano et al*® 104 Silk 16 1 0

PED

Saatci et al*’ 251 PED 28 1 0
Velioglu et al*® 87 Silk 19 0 1
Yu et al?’® 178 PED 32 1 1
Current study 43 PED 43 1 0

Total 1338 296 12(41%) 2(0.7%)

PEDonly 227 7(31%) 1(0.44%)
068  Silkonly 53 4(7.5%) 1(1.9%)

2T. Becske, MD, personal oral communication, April 2013.

5 H. Henkes, MD, personal e-mail communication, April 2013.
“W. McAuliffe, MD, personal e-mail communication, April 2013.
< N. Kocer, MD, personal e-mail communication, April 2013.
¢S.C. Yu, MD, personal e-mail communication, April 2013.

plete or near-complete occlusion. This was achieved with 0%
mortality and a 2.3% major neurologic complication rate. In ad-
dition, 84.2% of the patients with ophthalmologic follow-up had
improvement of their presenting visual symptoms. In our system-
atic review, which included studies from many different centers
and countries, the mortality and morbidity rates for treatment of
CCAs with PED were 0.44% and 3.1%, respectively.
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Natural History of Cavernous Carotid Aneurysms

CCAs, especially when small, rarely rupture. Larger CCAs (>13
mm) had a 5-year rupture rate of 9.4% in the International Study
of Unruptured Intracranial Aneurysms trial.* When they do rup-
ture, they typically rupture into the cavernous sinus, which leads
to carotid cavernous fistula formation. Such a development is far
less catastrophic than rupture of intradural aneurysms. However,
although rare, SAH from rupture of a CCA with a small intradural
component does occur.! Unfortunately current imaging is usually
unable to clearly distinguish these more dangerous CCAs.® There
have also been rare case reports of fatal SAH in CCAs judged to be
entirely intracavernous.'’

Several studies have followed the natural history of treated and
untreated cohorts of patients with CCA. Stiebel-Kalish et al® have
published the largest retrospectively reviewed cohort of patients
with CCAs. Of 185 patients with CCAs, 74 were treated due to
refractory pain, carotid cavernous fistula, sphenoid erosion, dip-
lopia, and compressive optic neuropathy. Among treated pa-
tients, pain resolved in 96% of cases. There was no considerable
improvement in diplopia, though 61% of patients experienced
resolution of symptoms. Of the 111 untreated patients, 2% had
stroke, 1% had SAH, 1% had carotid cavernous fistula formation,
and 6% developed compressive optic neuropathy; these repre-
sented a cumulative 10% adverse event occurrence rate. Quality of
life symptoms such as neuro-ophthalmic and refractory pain each
resolved spontaneously in 56% of these patients. Moreover, ap-
proximately one-third of the untreated patients who were asymp-
tomatic developed symptoms during the course of their 4-year
follow-up. The authors also found that those treated by endovas-
cular means (by using preferred methods during a 21-year period)
were more likely to experience complications than those not
treated. The authors conclude, therefore, that because the risk for
major neurologic complications, even in experienced hands, was
in the range of 5%-9%, the indications for treatment of CCAs
should be carefully considered in each individual case.’

Not all studies have come to the same conclusion: A 2003
study compared 21 patients treated for CCAs by using the tech-
nology available at the time with 10 not treated and sought to
compare outcomes. In the 10 patients followed without interven-
tion, none improved spontaneously, 3 remained the same, and 7
worsened. As a result, the author advocated stronger consider-
ation for treatment.'"

Treatment Options and Outcomes

Much of the support for the current treatment paradigm is based
on the high morbidity and mortality from previously available
options for surgical and endovascular intervention. Treatment
options are divided into deconstructive and reconstructive ap-
proaches. Deconstructive approaches include occlusion of the
parent artery with or without a vascular bypass. Reconstructive or
constructive approaches aim to preserve the parent artery and
include microsurgical clipping, endovascular coiling with or
without stents, and now flow diversion with a PED or similar
device. Several cohorts of microsurgical clipping have been re-
ported, and even in the best hands, clipping is understandably
accompanied by a morbidity and mortality ranging from 14% to
25%.'>"'7 Studies of microsurgical carotid occlusion (Hunterian
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strategies) showed the procedure to be safer, but it still had 9%—
22% morbidity and mortality rates.'>'*!®!8

Studies using endovascular deconstructive carotid occlusion
have reported a morbidity and mortality rate ranging from 3% to
8%.'7?> More recently, van Rooij** published his single-center
experience with endovascular treatment of CCAs, which demon-
strated a low complication rate and high clinical improvement
rate. Most procedures being performed were endovascular parent
artery occlusion without bypass. During the 15-year span of ex-
perience, only 5.8% of the patients had bypasses performed before
parent vessel occlusion and approximately 18% of the total CCAs
considered for treatment were instead managed conservatively
after patients failed balloon test occlusion and did not want to
pursue bypass surgery. It is unclear what the follow-up in those
18% of patients was. In another large series of CCAs with Hunt-
erian occlusion, up to 20% required bypass surgery to augment
flow.'®

Although endovascular parent artery occlusion is a relatively easy
and inexpensive technique with low morbidity in a selected popula-
tion, the long-term consequences of altered hemodynamics should
be considered. De novo contralateral aneurysm formation is a
known sequela of parent artery occlusion, and in a study of case
series, there was a 4.5% incidence of new aneurysm formation con-
tralateral to the carotid occlusion at a mean time of 9 years.>® There
was a propensity for large anterior communicating artery flow-re-
lated aneurysm formation, which, in the setting of an already oc-
cluded ICA, can be a very challenging clinical problem. Because re-
cent treatment outcomes are nearing very low morbidity and
mortality (0%—2.3%), the incidence of contralateral aneurysm for-
mation is of important consideration. For these reasons, we advocate
preserving normal vascular anatomy whenever possible.

Flow Diversion for CCAs

Numerous cohorts of patients with intracranial aneurysms treated
with PEDs have been published in the past several years. A recent
meta-analysis of 1654 intracranial aneurysms showed occlusion rates
of 76% and procedure-related morbidity and mortality to be 5%.%°
This analysis included posterior circulation aneurysms, which are
now well-known to contribute considerable morbidity and mortal-
ity. Larger studies stratified by aneurysm location showed that the
risk in patients with CCA is low. All studies included in our system-
atic review reported lower rates of morbidity and mortality com-
pared with their original cohort. In addition, many studies have re-
ported higher occlusion rates among CCA subgroups.®*” This extra
success afforded to the cavernous segment is likely multifold. Even
though this carotid segment is usually tortuous, there were no major
bifurcations occurring on it, which resulted in lower wall sheer stress
on the vessel wall and less blood flow through the stent. This result
likely decreases the chances of an inflow jet and causes more stasis in
the aneurysm.

Treatment Paradigms

The high rate of major morbidity and mortality from available
treatment options in 2009 led Eddleman et al’ to elucidate a treat-
ment paradigm widely in use today. This paradigm states that the
following CCAs merit treatment: large lesions; symptomatic le-
sions with acute thrombotic changes; aneurysms with evidence of



growth; symptomatic lesions with mass effect (ophthalmoplegia)
or intractable retro-orbital pain; those with considerable local
bone erosion due to risk of fatal epistaxis from rupture; lesions
with evidence of projection into the subarachnoid space, which
usually cannot be demonstrated; ruptured aneurysms with ca-
rotid cavernous fistula, which can rarely lead to intracerebral
hemorrhage and ocular ischemia®®; and CCAs in any patient with
an underlying coagulopathy.'

With the advent of flow diversion, we now have a new and
lowered benchmark for treatment risk. This information should
play a critical role in patient discussion of expectant management.
Patients who present with smaller CCAs and are asymptomatic
should understand the benign natural history of their aneurysms.
However, these aneurysms have a possibility of growing, and up
to one-third of the time, they may become symptomatic.” Clinical
symptoms, especially when long-standing, may not be relieved
with conservative management and can leave the patient with
permanent deficits. Smaller CCAs can be treated with less techni-
cal difficulty in catheter navigation and PED deployment. Al-
though we do not advocate treatment of small and asymptomatic
CCAs, an informed discussion should take place with the patient
about all options, and the psychological impact of the diagnosis
on the patient should also be considered.

Our institutional preference is to use flow diversion for most
unruptured symptomatic CCAs of any size unless they have fa-
vorable morphology for complete coil occlusion without stent
placement and asymptomatic large complex CCAs, especially in
younger patients. Other treatment options such as parent artery
occlusion without or with bypass and coil embolization with pos-
sible balloon assistance are still reserved for consideration in pa-
tients in whom long-term antiplatelet therapy is contraindicated
or when other considerations make these options more favorable.
The authors believe this is the time for the neurointerventional
community to develop a new treatment paradigm for CCAs in the
face of favorable outcomes from flow diversion.

Limitations

This study has several important limitations. Although data were
collected prospectively, retrospective review imparts inherent
bias. In addition, our institutional bias to treat CCAs with flow
diversion when possible can skew outcomes. Because during the
study period, a limited amount of stent-assisted coiling of CCAs
took place, there is no internal cohort with whom to compare our
data. Our systematic review also has several limitations: namely,
publication bias, heterogeneity of studies, and the retrospective
nature of the studies included.

CONCLUSIONS

CCAs have long been considered benign lesions, but even com-
pletely extradural CCAs can have catastrophic complications in a
small percentage of patients. Unfortunately, these complications
are heterogeneous and difficult to anticipate. Any intervention
considered in such a setting must have an even lower risk profile
than the natural history of the condition being treated. All previ-
ous treatment options for CCAs were clearly shown to be more
risky for all but a certain small subset of patients with CCA with
predictable high-risk profiles. As a result, previous treatment par-

adigms have been constructed to address only patients at high risk
and may fail to offer treatment to patients of moderate risk. We
believe that the evidence showing the safety and efficacy of the
PED, especially for treating CCAs, merits reconsideration of this
existing treatment paradigm.
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Optimized Angiographic CT Using Intravenous Contrast
Injection: A Noninvasive Imaging Option for the Follow-Up of
Coiled Aneurysms?

P. Goélitz, T. Struffert, I. Kaschka, K. Roessler, F. Knossalla, and A. Doerfler

ABSTRACT

BACKGROUND AND PURPOSE: Because recanalization of coiled cerebral aneurysms is reported to occur, follow-up imaging is mandatory,
ideally noninvasively. Our study aimed to evaluate the accuracy of an optimized angiographic CT by using intravenous contrast material injection
in the assessment of coiled cerebral aneurysms, compared with MR angiography and digital subtraction angiography, the criterion standard.

MATERIALS AND METHODS: We included 69 patients with 76 coiled cerebral aneurysms. In each patient, we performed an angiographic
CT with intravenous contrast material injection with a dual rotational acquisition, a time-of-flight MR angiography, and a DSA. The
angiographic CT with intravenous contrast material injection data was postprocessed by using newly implemented reconstructions modes
and a dual-volume technique. An aneurysm occlusion rate was assessed in angiographic CT with intravenous contrast material injection and
MRA; remnants were measured and correlated with DSA, respectively.

RESULTS: Twenty-eight remnants were revealed by DSA with a mean size of 3.1 X 3.1 mm. Angiographic CT with intravenous contrast
material injection demonstrated a sensitivity of 93% and a specificity of 96% in remnant detection. MRA showed almost identical accuracy
(sensitivity of 93%, specificity of 100%). Assessment of remnant size by angiographic CT with intravenous contrast material injection and by
MRA revealed a high significant correlation with DSA, respectively (P < .001).

CONCLUSIONS: Optimized angiographic CT with intravenous contrast material injection and MRA demonstrated accuracy comparable
with that of DSA in the follow-up of coiled aneurysms, respectively. The assessment of remnant size showed a high correlation with DSA
for both techniques. Due to the lack of radiation exposure, MRA seems to be the preferred technique. However, angiographic CT with
intravenous contrast material injection can be considered a reliable, noninvasive alternative in patients with MR imaging contraindications
or in cases of compromising artifacts due to metal implants (ie, clips).

ABBREVIATION: ivACT = angiographic CT with intravenous contrast material injection

For treatment of cerebral aneurysms, coil embolization has been
established as a widely accepted technique."* Follow-up evalua-
tion is recommended because recanalization is reported in up to 20%
of aneurysms,” with approximately 10% requiring retreatment. In
this instance, DSA is still considered the criterion standard, but it has
the disadvantage of being an invasive technique with the risk of pro-
cedural complications.® Therefore, ideally, a noninvasive imaging
technique is desirable as an alternative to DSA. TOF-MRA and con-
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trast-enhanced MRA have demonstrated moderate-to-high diagnos-
tic performance.”” TOF-MRA was superior to contrast-enhanced
MRA in terms of coil visibility and is the recommended MR imaging
technique.'® On the other hand, MR imaging may be impossible due
to contraindications or lack of availability.

Here, angiographic CT by using intravenous contrast material
injection could be an alternative, noninvasive imaging option. An-
giographic CT allows the acquisition of high-resolution data from a
rotational run of a C-arm-mounted flat panel detector that differs
from conventional CT in the material composing it. Angiographic
CT with intravenous contrast material injection (ivACT) has recently
demonstrated comparable image quality to DSA in visualizing cere-
bral artery vasculature' 'and has been helpful in aneurysm diagnos-
tics'* and in the follow-up of clipped aneurysms."? Until now, only
angiographic CT with intra-arterial contrast material injection has
been investigated in the follow-up of coiled aneurysms, providing
promising results.'* With the implementation of new reconstruction
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modes and enhanced postprocessing algorithms, the image quality of
ivACT could be improved and artifacts could be reduced. Our study
aimed to evaluate the accuracy of an optimized, noninvasive ivACT
in the follow-up of coiled aneurysms compared with MRA and DSA,
the criterion standard.

MATERIALS AND METHODS

Sixty-nine consecutive patients, 46 women and 23 men with 76
coiled aneurysms, were prospectively enrolled in our study be-
tween March 2012 and August 2013 after ethics committee ap-
proval and written informed consent were obtained. The average
age was 58 * 9.3 years (range, 30—79 years). Forty-three patients
had subarachnoid hemorrhage. On average, the aneurysms were
6.0 = 3.0 mm high and 5.4 = 3.1 mm wide, ranging from 2 to 18
mm, respectively. Twenty-five aneurysms originated from the an-
terior communicating artery, 5 from the MCA, 16 from the tip of
the basilar artery, 8 from the posterior communicating artery, 3
from the anterior choroidal artery, 10 from the paraophthalmic
segment of the ICA, 5 from the distal carotid bifurcation, 2 from
the posterior inferior cerebellar artery, and 2 from the posterior
cerebral artery.

In total, 492 coils were used for treatment: 459 bioactive coils
loaded with polyglycolic acid (Cerecyte; Codman Neurovascular,
Raynham, Massachusetts), 24 standard bare platinum coils (Gug-
lielmi detachable coil; Stryker, Kalamazoo, Michigan), and 9 volume
bare platinum coils (Penumbra Coil 400; Penumbra, Alameda, Cal-
ifornia). Fifteen aneurysms were treated with additional stent protec-
tion (Neuroform; Stryker Neurovascular, Fremont, California).

DSA, including a 3D rotational run, was performed in all pa-
tients 6 months after treatment. The day after DSA in every pa-
tient, TOF-MRA and, thereafter, ivACT was performed after the
serum creatinine level was checked.

DSA

Image acquisition was performed on a biplane flat panel detector
angiographic system (Axiom Artis dBA; Siemens, Erlangen, Ger-
many). With standard angiographic methods (transfemoral route),
we used a diagnostic catheter for image acquisition. The 3D rota-
tional run was performed with a standard 3D DSA program provided
by the manufacturer (5-second DSA run; Siemens). Angiographic
data were transferred to a dedicated workstation (Leonardo; Sie-
mens) to generate rotatable, dual-volume images by using commer-
cially available software (iDentify; Siemens). On the basis of the 3D
images, targeted 2D series were obtained.

ivACT

ivACT was performed the day after DSA on the same biplane flat
panel detector angiographic system by using a dedicated angio-
graphic CT program (10-second DSA; Siemens), including a na-
tive and a contrast-enhanced run. The timing for starting the fill-
ing run was done with the “bolus-watching” technique.'® First, 60
mL of contrast material (iomeprol; Imeron 300, Bracco Imaging,
Konstanz, Germany) was injected via a needle with a minimal
inner diameter of 0.8 mm into an antecubital vein at a rate of 5
mL/s by using a power injector (Accutron HP-D; Medtron, Saar-
bruecken, Germany) followed by a saline chaser (60 mL; injection
rate, 5 mL/s). Data acquisition per run was performed with the
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following parameters: acquisition time, 10 seconds per run; 70
kV; 512 X 512 matrix; projection on 30 X 40 cm flat panel size;
200° total angle; 0.8°/frame; 250 frames total; dose, 1.2 uGy/
frame; CT weighted dose index, approximately 35 mGy. For post-
processing and image evaluation, the data were transferred to a
dedicated workstation (Leonardo).

MR Imaging

MR angiography by using the TOF technique was performed with
a 3T scanner (Magnetom Trio; Siemens). The parameters of the
TOEF-MRA were as follows: TR, 22 ms; TE, 3.98 ms; matrix size,
271 X 512; section thickness, 0.7 mm; acquisition time, 5 minutes
and 37 seconds. In addition to the source images, MIP reconstruc-
tions were generated. For image evaluation, all data were trans-
ferred to a dedicated workstation (Leonardo).

Postprocessing and Image Analysis

Image reconstruction of ivACT and 3D DSA was performed by using
the mode “native mask,” kernel type “HU,” and image impression
“sharp” for coil delineation. Next, image reconstruction with the
newly implemented, commercially available mode “subtraction with
motion correction,” kernel type “HU”, and image impression “very
smooth” was performed for visualization of the arteries. Both data-
sets were fused and loaded into the InSpace function of the worksta-
tion by using a commercially available, dual-volume technique
(iDentify) to obtain 3D, freely rotatable images.

The reconstructed and source images of ivACT and MRA were
anonymized, stored in random order, and evaluated by 2 experi-
enced neuroradiologists in a consensus reading. Both raters were
blinded to the results of the DSA. Evaluation of the DSA images
was performed independently by a third experienced neuroradi-
ologist who was not involved in the ivACT and MRA evaluation.
For DSA evaluation, the 2D and the 3D images, including the
source data, were used. For assessment of the occlusion rate, “no
remnant” and “any remnant” were differentiated. The category
“any remnant” subsumes the categories “neck remnant” and “an-
eurysm remnant” on the Raymond classification scale.'® A more
detailed remnant classification was spared to avoid possible bias
resulting from discrepancies concerning the correct occlusion
grading.

The image quality of ivACT and MRA was assessed by using
the following grading system: 2 = no interference; 1 = compro-
mised, but sufficient image quality; 0 = not diagnostic.

Statistical analysis was performed by using the software
SPSS statistics 20.0 (IBM, Armonk, New York). Mean values
and SDs were calculated for aneurysm and remnant size, re-
spectively. The sensitivity and specificity of ivACT and MRA
concerning remnant detection were calculated. For analysis of
the correlation between the variables, a linear 2-sided correla-
tion (Pearson r) test was performed. The level of significance
was set as P = .05. Observer agreement with DSA was analyzed
for ivACT and MRA by using the « statistic by calculating
Cohen «k coefficient. The analysis was based on any rem-
nant/no remnant observation per coiled aneurysm. A value of
0.41-0.60 for the k coefficient was interpreted as moderate
agreement; a value of 0.61-0.80, as substantial agreement; and
a value of 0.81-1.00, as almost perfect agreement.



FIG 1. ivACT (A) and intra-arterial 3D-DSA (B) show, in comparable image quality, complete
occlusion after coiling of a posterior communicating artery aneurysm. 2D-DSA (C) confirms
complete aneurysm occlusion. TOF-MRA (D) demonstrates complete occlusion.

RESULTS
Using DSA, we detected a remnant in 28 cases (37%), and saw
complete occlusion in 48 cases (63%). On average, aneurysm
remnants were 3.1 = 1.7 mm high and 3.1 + 2.0 mm wide, based
on DSA imaging. Retreatment was considered necessary in 6 an-
eurysms, meaning an adequate aneurysm occlusion of 92%.
ivACT could be performed in all patients. In 66 aneurysms,
image evaluation was possible without interfering artifacts. Image
quality was assessed as compromised but sufficient in 10 aneu-
rysms. No case was assessed as nondiagnostic.

By ivACT, complete aneurysm occlusion was assessed cor-
rectly in 46 aneurysms, meaning a specificity of 96% (Figs 1 and
2). In 1 of the 2 cases in which remnants were supposed incor-
rectly, volume bare platinum coils were used, inducing compro-
mising beam-hardening artifacts. In 26 aneurysms, remnants
were detected correctly, meaning a sensitivity of 93% (Fig 3). In
the 2 cases in which ivACT failed, only small neck remnants with-
out indication for retreatment were missed. Overall, remnants up
to a minimal size of 1.0 X 0.9 mm could be revealed by ivACT.
Implanted stents caused no substantial artifacts (Fig 4). Measure-
ment of remnants by ivACT demonstrated a significant (P <.001)
correlation with DSA (Table). Observer agreement with DSA was
k = 0.89 (P < .001; 95% CI, 0.779-0.995), indicating almost
perfect agreement.

MRA was performed in 67 patients. In 2 patients, MRA was
not viable because of a cardiac pacemaker. In 1 case, MRA was
assessed as nondiagnostic due to susceptibility artifacts from an

additional aneurysm clip (Fig 5). Image
quality was considered compromised by
artifacts but sufficient in 4 cases. In the
remaining cases, no interfering artifacts
were observed.

Remnants were detected correctly in
26 aneurysms, meaning a sensitivity of
93%. All cases of complete aneurysm oc-
clusion were assessed correctly (specific-
ity of 100%). Measurements of remnants
by MRA demonstrated a significant (P <
.001) correlation with DSA (Table).
Observer agreement with DSA was found
to be k = 091 (P < .001; 95% CI,
0.810-1.010), indicating almost perfect
agreement.

In 1 case of a restless patient, both
ivACT and MRA failed in remnant detec-
tion because of compromising motion
artifacts.

DISCUSSION

To the best of our knowledge, ivACT has
not yet been evaluated for follow-up of
coiled aneurysms. In our study, ivACT
demonstrated high sensitivity and speci-
ficity in detecting remnants down to a
minimal size of 1.0 X 0.9 mm. Assessment
of remnant size by ivACT showed a signif-
icant correlation with DSA. On the basis
of differentiating any remnant and no
remnant, agreement of ivACT with DSA
was identical in assessing the aneurysmal occlusion rate.

ivACT was performed as a dual rotational 10-second acquisi-
tion run by using the bolus-watching technique to obtain the best
arterial vessel opacification. Using a dual-volume technique
(iDentify) with newly implemented reconstruction modes, one
can generate freely rotatable 3D images. Fusing 2 separately re-
constructed datasets, 1 optimized for vessel visualization and 1 for
coil delineation, allows an improvement in image quality com-
pared with MPR images that are obtained from only 1 reconstruc-
tion step.

An advantage compared with DSA is that ivACT allows eval-
uation of several coiled aneurysms in only 1 examination step
(comparison shown in Fig 2). Implanted stents after stent-assisted
coiling induced no substantial artifacts (comparison shown in Fig
4). Moreover, the stent lumen can be assessed precisely in
ivACT,"” which is not achievable in MRA. In the case of volume
bare platinum coils, ivACT might be less suitable than MRA be-
cause these coils seem to induce compromising beam-hardening
artifacts. However, our results concerning these coils are limited
due to the small sample size, but that might be a subject for further
investigations.

In angiographic CT using intra-arterial contrast material in-
jection, substantial “eggshell” artifacts are reported for coil pack-
ages larger than 10 mm in diameter, supposedly the result of in-
sufficient reconstruction algorithms.'* In contrast, in our study
by using newly implemented reconstruction algorithms and
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FIG 2. ivACT (A) and intra-arterial 3D-DSA (B) show, in a comparable way, complete occlusion of an anterior communicating artery aneurysm
after coiling. MRA reveals no remnant (C). In addition, a second aneurysm located at the tip of the basilar artery was treated by coil embolization.
ivACT (D) and 3D-DSA (E) demonstrate, in nearly identical quality, complete aneurysm occlusion with only mild irregularity at the aneurysm base.
In addition, MRA reveals no remnant (F). As an advantage of ivACT (G) and MRA (H), aneurysm evaluation can be performed with only 1
examination step, in contrast to DSA, requiring several vessel catheterizations and contrast material injections.

iDentify instead of MPR reconstructions, we did not observe such
artifacts in larger aneurysms. Additionally, image evaluation
might be facilitated by injecting the contrast material intrave-
nously, leading to a homogeneous contrast mixing without high-
flow artifacts, which can occur with intra-arterial injection.

TOF-MRA also demonstrated high sensitivity and specific-
ity in remnant detection on almost the same level in ivACT.
Assessment of remnant size was comparable with that of ivACT
and demonstrated a significant correlation with DSA. Stents
induced no artifacts substantially compromising aneurysm
evaluation, but a reliable assessment of the stent lumen is not
viable in MRA.

Our results are in line with those in other MR imaging studies
that found substantial agreement between DSA and MRA in eval-
uating coiled aneurysms. The reported sensitivity and specificity
of remnant detection are comparable with our results.*'®'® One
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study found MRA sufficient for therapeutic decision-making in
the retreatment of recanalization.'® On the other hand, evalua-
tion of MRA performed with 3T MR imaging revealed a greater
discrepancy with DSA in aneurysms with a small (1-3 mm) resid-
ual lumen than in those with a larger lumen because for a small
residual lumen, the precise differentiation between subtotal and
incomplete occlusion does not seem possible.® Similarly, suffi-
cient accuracy of MRA is reported, in general, for the screening of
residual flow after coil embolization, but in particular in small
aneurysms (<6 mm), the detection of residual flow was limited."”
Therefore, ivACT might be considered more favorable than MRA
in small aneurysms because we found no restrictions with ivACT
in evaluating small aneurysms. On the contrary, because ivACT
might be limited in evaluating large aneurysms with a maximum
diameter of >10 mm, ivACT and MRA could be considered com-
plementary imaging techniques, which might be selected individ-



FIG 3. ivACT (A) and 3D-DSA (B) reveal a small remnant after coiling of a posterior inferior
cerebellar artery aneurysm in nearly identical quality. DSA confirms this finding (C). TOF-MRA
also detects the small remnant (D).

ually, depending on aneurysm size or coil
material. Here, further investigations
with an increased patient population are
necessary.

In our study, observer agreement with
DSA was almost perfect for both ivACT
and MRA. Interobserver variability was
not assessed because our study aimed first
to demonstrate the feasibility of ivACT
and to assess ivACT and MRA as close as
possible to the usual clinical setting with
only 1 reader. Because MRA and ivACT
reached nearly identical accuracy in rem-
nant detection and in the assessment of
remnant size, they seem equally capable
of a noninvasive follow-up; both may be
reliable alternatives to DSA. However, be-
cause MRA can be performed without ra-
diation exposure to the patient, it may
serve as the preferred technique in routine
cases. Nevertheless, in patients with con-
traindications to MR imaging (heart
pacemaker and so forth) or in the case of
compromising susceptibility artifacts due
to additional metal implants (eg, aneu-
rysm clips, comparison shown in Fig 5),
ivACT can be considered a reliable alter-
native. ivACT could also be an option in

FIG 4. Native (A) and DSA images (B) after stent-assisted coil embolization of a basilar artery tip aneurysm show a small, laterally located
remnant. In ivACT (C) and intra-arterial rotational 3D-DSA (D), the remnant can be revealed reliably in nearly identical image quality. In TOF-MRA
(E), the remnant can be delineated clearly, but in contrast to ivACT and 3D-DSA, artifacts are induced by the implanted stent, making stent

assessment impossible. In contrast, ivACT allows precise assessment of the stent lumen.
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Mean size and SD of aneurysm remnants measured by ivACT and TOF-MRA in correlation with DSA

DSA ivACT Pearson TOF-MRA Pearson
Remnant (Mean) (SD) (Mean) (SD) Correlation Coefficient (Mean) (SD) Correlation Coefficient
Height 31 mm (£17) 2.9 mm (£1.8) 0.963 (P < .001) 2.8 mm (£19) 0.925 (P < .001)
Width 31 mm (£2.0) 31mm (£2.6) 0.930 (P < 0.001) 2.8 mm (£2.) 0.941 (P < .001)

FIG5. Native (A) and contrast-enhanced 2D-DSA (B) images show complete occlusion of a posterior communicating artery aneurysm, treated
initially by subtotal clipping, followed by stent-assisted coil embolization. ivACT (C) and 3D-DSA (D) illustrate complete aneurysm occlusion in
a comparable quality. In ivACT, no compromising artifacts by the metal implants are observed. MRA fails in delineating the coiled aneurysm

because of severe susceptibility artifacts (E).

patients treated with ventriculopertioneal shunts to avoid poten-
tial maladjustment or damage. The advantages of ivACT are that
it has a short acquisition time, it is less time-consuming than DSA
and MRA, and it can be performed on an outpatient basis, of
interest from an economic point of view.

Concerning radiation exposure, evaluations by using an Al-
derson-Rando phantom revealed an effective dose of 2.9 mSv for
the 10-second run of an ivACT if the entire head was scanned.
However, by collimating the FOV on the coil package, the radia-
tion dose can be substantially reduced by up to 0.5 mSv.?° For
comparison, the effective dose of a biplane 2D-DSA series was
measured as 1 mSv. Thus, especially in the follow-up of multiple
coiled cerebral aneurysms, the use of ivACT could significantly
reduce radiation exposure to the patient compared with DSA.
Advances in the rapidly developing flat panel detector technology
might further contribute to increasing dose effectiveness and im-
proving image quality.

Our findings are limited because mainly 1 type of coil was used
for aneurysm treatment in our study population. Moreover, the
mean aneurysm size and the mean remnant size were relatively
low in our population; thus, an objective for further investigations
could be to add more large aneurysms to our series. Head motion
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and the resulting artifacts lead to a compromised image quality in
both modalities, making restless or noncompliant patients less
suitable for both imaging techniques. The development of special
cups for better head fixation might be helpful for reducing motion
artifacts in ivACT. As an objective for further investigations, the
implementation of reconstruction modes with automated metal
artifact reduction might further contribute to improved ivACT
image quality.

CONCLUSIONS

Both, ivACT and MRA, have a high accuracy in detecting rem-
nants after coiling. The accuracy of ivACT as well as of MRA is
comparable with the accuracy of DSA. Both noninvasive modal-
ities allowed a reliable assessment of the aneurysm occlusion rate
and remnant size. Due to the lack of radiation exposure, MRA
seems to be the preferred imaging technique. However, in selected
patients, ivACT can be considered an alternative (ie, in patients
with contraindications to MR imaging or in the case of compro-
mising artifacts due to metal implants such as aneurysm clips).
Moreover, MRA and ivACT might also be considered comple-
mentary imaging techniques, which could be selected depending
on aneurysm size or coil material. Further investigations in a



larger patient population are needed to substantiate our initial

results.
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ORIGINAL RESEARCH
INTERVENTIONAL

Intra-Aneurysmal Flow Patterns: lllustrative Comparison
among Digital Subtraction Angiography, Optical Flow, and
Computational Fluid Dynamics

O. Brina, R. Ouared, O. Bonnefous, F. van Nijnatten, P. Bouillot, P. Bijlenga, K. Schaller, K.-O. Lovblad, T. Grinhagen, D. Ruijters,
and V. Mendes Pereira

O=

ABSTRACT

BACKGROUND AND PURPOSE: Digital subtraction angiography is the gold standard vascular imaging and it is used for all endovascular
treatment of intracranial anerysms. Optical flow imaging has been described as a potential method to evaluate cerebral hemodynamics
through DSA. In this study, we aimed to compare the flow patterns measured during angiography, by using an optical flow method, with
those measured by using computational fluid dynamics in intracranial aneurysms.

MATERIALS AND METHODS: A consecutive series of 21 patients harboring unruptured saccular intracranial aneurysms who underwent
diagnostic angiography before treatment was considered. High-frame-rate digital subtraction angiography was performed to obtain an
intra-aneurysmal velocity field by following the cardiac-modulated contrast wave through the vascular structures by using optical flow
principles. Additionally, computational fluid dynamics modeling was performed for every case by using patient-specific inlet-boundary
conditions measured with the optical flow method from both DSA and 3D rotational angiography datasets. Three independent observers
compared qualitatively both the inflow direction and the apparent recirculation in regular DSA, optical flow images, and computational
fluid dynamics flow patterns for each patient; k statistics were estimated.

RESULTS: We included 21 patients. In 14 of these 21, the flow patterns were conclusive and matching between the optical flow images and
computational fluid dynamics within the same projection view (k = .91). However, in only 8 of these 14 patients the optical flow images
were conclusive and matching regular DSA images (observer k = 0.87). In 7 of the 21 patients, the flow patterns in the optical flow images
were inconclusive, possibly due to improper projection angles.

CONCLUSIONS: The DSA-based optical flow technique was considered qualitatively consistent with computational fluid dynamics
outcomes in evaluating intra-aneurysmal inflow direction and apparent recirculation. Moreover, the optical flow technique may provide
the premises for new solutions for improving the visibility of flow patterns when contrast motion in DSA is not apparent. This technique
is a diagnostic method to evaluate intra-aneurysmal flow patterns and could be used in the future for validation and patient evaluation.

ABBREVIATIONS: CFD = computational fluid dynamics; DVF = detector velocity fields; OF = optical flow

While unruptured intracranial aneurysms have become in-
creasingly diagnosed,’ more questions have been raised
about the improvement of patient care management, requiring
the knowledge of risks for both treatment and conservative fol-
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low-up, which still remain unknown. In particular, the role of
hemodynamics in predicting both aneurysm rupture and treat-
ment efficacy for flow-diverter stents still remains ambiguous,
despite the sustained research effort.>* Recently, a novel method
has been developed based on digital subtraction angiography and
3D rotational angiography images by using optical flow (OF)
principles, permitting the observation and measurement of intra-
cranial hemodynamic characteristics in patients with intracranial
aneurysms. Bonnefous et al* have successfully validated this OF
method for measuring the volumetric flow rate by using in vitro
experiments, and Pereira et al’ have validated blood flow rate
measurements in patients by using Doppler sonography. This
technique has also been applied to quantify flow reduction after

O Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A4063



FIG 1. Workflow of the study. A, DSA and 3D rotational angiograms. B, Optical flow processing
provides intra-aneurysmal flow patterns and volumetric flow curves measured in the parent
vessel. C, Geometry and CFD modeling with the vessel geometry. D, Assessment of intra-aneu-

rysmal flow patterns.

flow-diverter stent implantation and seems to be a good predictor
of aneurysm thrombosis.® The key success factors for this ap-
proach include low contrast-injection rates and an adaptive ap-
plication of OF principles to high-frame-rate angiograms. These
prerequisites allowed capturing the physiologic modulation of the
contrast attenuation in blood flow, hence providing measure-
ments of conebeam flat panel detector velocity fields (DVF). As a
preliminary step ahead of OF in vivo validation in intracranial
aneurysms, we propose to qualitatively compare the intra-aneu-
rysmal flow patterns among DSA sequences (showing the quali-
tative gross flow structures), OF vectors in a 2D plane, and 3D
streamlines based on computational fluid dynamics (CFD).

MATERIALS AND METHODS

Patient Selection and Data Collection

We included 21 consecutive patients who presented with unrup-
tured saccular intracranial aneurysms before treatment. Patients
with ruptured lesions, partially thrombosed aneurysms, or dissec-
tions were excluded from the study. This retrospective study was
approved by the Geneva University Hospital ethics committee
board (NEC 07-056).

Data Collection

Angiograms were performed by using the Seldinger technique at
thelevel of the femoral artery. A 5F diagnostic catheter was used to
selectively catheterize the vessel carrying the aneurysm. The cath-
eter tip was positioned either in the internal carotid artery, 3 cm
beyond the bifurcation, or at the V1 segment of the vertebral
artery. A 3D rotational angiography was performed by using an
angiographic biplane C-arm unit (Allura FD20; Philips Health-

care, Best, the Netherlands) to provide
the vascular geometries for CFD model-
ing and for the inlet volumetric blood
flow OF measurement.>® Additionally,
the 3D reconstruction was used to deter-
mine a suitable DSA projection view.
The DSA projection view was chosen to
ensure that overlapping the distal arterial
branches and parent vessel from the aneu-
rysm bulge was avoided to keep the region
of interest free of irrelevant moving pat-
terns that could affect measurements.
Subsequently, a high-frame-rate DSA se-
quence (60 images/s) was acquired with a
contrast agent injection rate of 1.5 mL/s
during 4 seconds for all patients.

Optical Flow-Based Algorithm
Using an OF method,*® we estimated
the detector velocity fields on the basis of
analyses of both the temporal and spatial
variations of contrast agent attenuation
injected during the DSA sequences. The
temporal variations are spontaneously
created when the injected contrast agent
mixes with the blood stream under the
pulsatile effect of the cardiac cycle while
filling the vessel tree and the aneurysm.
Bonnefous et al* proposed to decouple the pulsating contrast at-
tenuation from the nonmodulated wash-in/washout component.
The contrast wave propagating through the vascular network was
thereby captured and processed. The local temporal and spatial
contrast attenuation variations were tracked among the succes-
sive images of the run. The result was a dynamic representation of
DVF or streamlines that preserves their direction and magnitude.
In addition, the vector fields were processed by imposing no di-
vergent flow. Detailed descriptions of the postprocessing method
can be found in Bonnefous et al* and Pereira et al.®

Vascular and CFD Modeling

The triangulated surfaces of the vessels were first created from 3D
rotational angiograms by using the AneuFuse toolkit (http://
www.biomedtown.org).7 Then, commercial software (ICEM
CFD 12.1; ANSYS, Canonsburg, Pennsylvania) was used to pro-
duce a high-resolution computational unstructured mesh com-
posed of tetrahedrons in the bulk flow and prism elements near
the wall. The mesh element numbers ranged from 4.0 to 5.5 mil-
lion, with a mesh attenuation of >1700 elements/mm?. The com-
putational mesh was used in the CFX commercial solver (CFX
12.1; ANSYS) to solve Navier-Stokes equations. Blood was as-
sumed to exhibit the properties of a Newtonian incompressible
fluid, and this was specified in the numeric solver. Inlet pulsatile
boundary-condition flow curves were measured specifically for
each patient by using the OF method coupled with the 3D rota-
tional angiograms (Fig 1).*® These volumetric blood flow mea-
surements were performed in the upstream parent vessel, far
enough from the catheter tip to ensure good contrast agent mix-
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FIG 2. Comparative analysis among the 3 datasets: DSA, OF, and CFD images. The left column
represents the 3 types of data work products initiating the illustrative analysis. The “evaluation
process is represented in the second column. The binary evaluation problems are represented in

the last column for each defined element of the flow structures.

ing.*"® The pressure boundary conditions of the outlets were based
on measurements of healthy subjects, as published by Reymond et
al.® The Womersley analytic solutions, rescaled to the inlet diameter,
were used to generate the specific distributions of velocity magni-
tudes over the artery diameter. The vessel wall was assumed rigid with
no-slip boundary features. We simulated 2 cardiac cycles: The first
cycle was used to reach solver convergence, and the second was used
to collect the hemodynamic results for postprocessing. The Reynolds
number ranged from 300 to 500, and the Womersley numbers, from
2.0 to 3.1. The analysis of the results was automated by using both
commercial scripts from CFX and customized scripts from Matlab
(MathWorks, Natick, Massachusetts).

Comparative Evaluation of Flow Patterns

All image datasets were displayed on the same view in the line of
sight of the detector plane. The analysis workflow represented in
Fig 2 compares 3 types of datasets:

e High-frame-rate DSA, in which gross intra-aneurysmal con-
trast motion structures were sought.
e OF images showing the extracted DVF outcomes: To facili-
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tate the visual comparison between
DSA and OF images, we specifically
integrated DVF to provide short
streamlines starting and ending in
the aneurysm region of interest (Fig
3, column 2).

e CFD results: The 3D streamlines were
viewed with the camera aligned on the
line of sight of the detector.

Datasets were visualized on a dedicated
workstation and evaluated by 3 indepen-
dent, experienced observers (V.M.P., O.
Brina, and R.O.) blinded to each other’s
results; the interobserver evaluation agree-
ment was then calculated by using Fleiss k
statistics. For each patient, the 3 image sets
were inspected at the systolic and diastolic
phases and in the cine loops. Figure 3
shows a subset of flow patterns for the 3
datasets at systole to highlight the convec-
tive parts of contrast motion along with all
the representation derivatives.

Because the vortical structures cannot
be assessed on a planar detector, we re-
stricted the comparative evaluation to in-
flow direction and apparent recirculation
features (Table 1). The planar apparent
circulation does not reflect the actual vor-
tical structure on the detector. We evalu-
ated the intra-aneurysmal flow features be-
tween the DSA and OF images and
compared the DSA-OF images with the
CFD outcomes.

RESULTS
" Table 2 describes patient and aneurysm
features of the 21 patients included in
this study. Figure 3 summarizes the
matching patterns of various degrees
among the DSA, OF images, and CFD outcomes during the sys-
tolic phase, represented by 12 distinct aneurysm configurations
and divided into 3 groups—Fig 3A: conclusive with respect to
DSA, DVF, and CFD outcomes (4 of 8 cases were represented); Fig
3B: conclusive with respect to DVF and CFD outcomes (4 of 6
were represented); Fig 3C: inconclusive with respect to either
DSA, DVF, or CFD outcomes (4 of 7 were represented). For all
these cases, inlet flow was fed through the internal carotid artery
or the vertebral artery. The flow rates ranged between 0.65 (a
vertebral case) and 3.95 mL/s (a carotid case).

Compatrison of DSA and OF Images

Poor agreement was initially observed between DSA contrast mo-
tion patterns and OF velocity vectors because DSA was unable to
provide any flow structure information in 13 of the 21 cases, de-
spite the high-frame-rate resolution. These cases were classified as
“nonassessable” and mainly involved small-sized aneurysms (Fig
3B, -C). Alternatively, the patients presenting with larger lesions
(>8 mm, n = 8) had well-defined DSA flow structures, all match-



FIG 3. Illustration of the 3 classes of qualitative representations emanating from the 3 techniques:
DSA, OF, and CFD. For each section (A—C), the 3 columns from left to right represent DSA, DVF, and
CFD images, respectively. Each row represents a different patient. Image captures correspond to the
systolic phase. A, Four cases of 8 with flow patterns conclusively visible on DSA. The arrows show flow
direction and apparent recirculation. The last 3 rows show perfect matching among DSA, OF images,
and CFD, for instance, in patient 11 (row 2) shows a superior narrow inflow jet in a left posterior
communicating artery aneurysm with a clockwise vortex. The first row represents patient 15 with a
right middle cerebral artery aneurysm with consistent flow structures visible on both DSA and OF
images (narrow jet entering the superior part of the aneurysm and creating an anticlockwise vortex).
CFD streamlines show a different behavior represented by a medial jet, a narrow impingement area,
and a planar vortex orthogonal to the DSA line of sight. This mismatch was essentially produced by
fake stenosis generated by the vascular geometry modeling process. B, Four cases of 6 with a conclu-
sive OF flow pattern, though “silent” (not visible) on DSA. For instance, DSA of patient 12 in row 3 shows
no contrast motion in a left posterior inferior cerebellar artery aneurysm. Contrary to this finding, an
inflow jet in the axis of the upstream vertebral artery was visible in the corresponding OF images. This
trend was confirmed by CFD streamlines, though the jet deflection was incorrect. C, Four cases of 7 are
inconclusive with either DSA, OF, or CFD images, all confirming that flow structures could not be
visible on the selected plane of the detector. For instance, for the left carotid ophthalmic aneurysm
seen in patient 21and represented in row 2, the flow pattern was not visible in either the DSA, OF, or
CFD images. Should the orthogonal projection view be chosen, the flow patterns would have been
depicted better, as can be seen on the CFD image.

ing OF inflow direction and apparent recirculation representa-
tions (Fig 3A). Figure 3A, row 2, illustrates a perfect match be-
tween DSA and OF images, showing a superior narrow inflow jet ~ DISCUSSION
along with a clockwise recirculation vortex in a posterior commu-

nicating artery aneurysm.
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Additionally, even if DVF could be
computed from DSA sequences for all
the 21 patients, some cases presented OF
patterns that could not be classified
within the taxonomy of this study (n =
7) on the basis of inflow direction and
apparent recirculation features. These
cases all had “silent” DSA with no appar-
ent flow structures (Fig 3C). Alterna-
tively, Fig 3B shows cases in which DSA
was also inconclusive (no apparent flow
structure), unlike in corresponding OF
images (n = 6). All these evaluations
were rated by 3 independent observers,
with an average interobserver k esti-
mated to 0.87.

Comparison of the OF Images and
the CFD Outcomes

In this step, we compared both inflow
direction and apparent recirculation
features from OF and CFD outcomes,
taking into account the line of sight of
the detector plane. The 14 cases that pre-
sented clearly defined OF patterns were
confirmed by CFD, with the exception
of 1 case illustrated in Fig 3A, row 1. In
this case, CFD streamlines matched nei-
ther DVF nor DSA images. This effect
was caused by stenosis artifacts in the
terminal part of the M1 segment gener-
ated by the segmentation process. This
stenosis generated an inappropriate in-
flow jet in the medial part of the aneu-
rysm, which was visible neither in DSA
nor in DVF figures. In second row of Fig
3A, the strong CFD inflow jet coming
through the neck was largely underesti-
mated in OF images, even though its di-
rection was consistent among the 3 da-
tasets. Essentially, this underestimation
was due to inappropriate temporal reso-
lution in DSA. For 7 cases, DVF patterns
could not be clearly defined (Fig 3C) and
thereby compared with CFD outcomes.
No mismatch was found between both
techniques, while CFD streamlines were
unable to characterizing DVF flow struc-
tures. The lack of OF image-pattern visi-
bility in the line of sight of the detector as
confirmed by CFD indicates that another
DSA projection view would have been
more suitable for flow-pattern visibility.

For this OF-CFD comparison, the average interobserver k was 0.91.

In this study, we investigated the qualitative degree of matching
between OF-DVF and DSA in intracranial aneurysms with the
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Table 1: Inflow direction and apparent recirculation features

Label

Inflow direction Intra-aneurysmal orientation of Match nonmatch
the penetrating flow/jet

Presence of vortical structures/ Match nonmatch
vortex rotation direction

Parameters Description

Apparent
recirculation

Table 2: Summary of clinical information®

Neck
Age Aneurysm Size H/L/W Length Volume
Patient Sex (yr) Location (mm) (mm) (cm’®) AR
1 F 70 LMCA 4.6/4.8/4.7 390 0.076 12
2 F 54 RMCA 8/10.6/8.3 990 048 038
3 F 60 BaTip 6.1/7.1/6.7 5.10 0.2 118
4 F 60 RCO 4.9/87/5.3 460 0122 1
5 F 58 LCO 6.2/6.2/47 380 0124 16
6 M 62 LMCA 124/84/68 1040 064 12
7 F 62 RCO 6.6/5.6/5.8 390 Om5 17
8 M 50 LICAcave 4/4.5/6 420 0.066 0.95
9 F 67 LPcomA 6.9/7.7.10.8 780 047 09
10 M 40 RICA cave 3.8/4.3/4.2 470 0.082 038
|l F 47 LPcomA 9.3/9.1/6.2 225 022 415
12 F 55 LPICA 6.6/5.2/6.6 6.10 0.19 0.85
3 F 50 RICA 13.5/17.8/9.9 7.60 113 177
14 F 53 LCO 5.3/5.5 440 0M 12
15 F 54 RMCA 18.3/14.9/13.85 850 23 215
16 F 56 RICA 42/5.6/4.5 380 0.069 09
17 F 45 LCO 5.9/77/6.7 380 0173 13
18 F 64 RICA 18.3/17/18.5 8,50 3125 22
19 F 56 LICA 34/32/3 290 0.026 1
20 F 56 LCO 5/5.1/5.9 450 0109 1
21 F 52 LCO 8.2/9.6/8.5 460 0353 17

Note:—AR indicates aspect ratio; BaTip, basilar artery tip; CO, carotid-ophthalmic;
PcomA, posterior communicating artery; PICA, posterior inferior cerebellar artery; L,
left; R, right; H/L/W, height/length/width.
2 Columns represent data for each patient.

help of CFD. The 3 techniques varied greatly in terms of the phys-
ical property that they addressed: Digital subtraction angiography
essentially measures the absorption of x-rays and contrast motion
during the cardiac cycle, the optical flow technique extracts the
physical modulation of contrast attenuation over the cardiac cycle
out of which in-plane-projected velocity fields (DVF) are as-
sessed, and CFD calculates the 3D velocity field of blood flow by
using the inlet boundary conditions provided by both DSA se-
quences and 3D images. These techniques have been used jointly
to improve our interpretation of OF outcomes, which were suc-
cessfully used to predict flow-diverter stent treatment issues in
intracranial aneurysms.® Although the OF method has allowed
matching between contrast motion and convective flow, the ob-
servation of genuine or fake flow structures generally depends
on the complexity of flow and the direction of detector plane.
Therefore, CFD-computed streamlines were needed to dissi-
pate the above-mentioned ambiguities to avoid any misleading
interpretation.

In particular, it was first shown that DVF figures obtained
from DSA fairly matched CFD outcomes for both the inflow di-
rection and the apparent recirculation. The complexity of the flow
structure, which could be reliably represented by CFD streamlines
over the cardiac cycle, helped greatly in drawing conclusive eval-
uations in the chosen plane of the detector. In our study, 7 of 21
cases were not conclusive as was expected from DSA figures in
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out-of-focus projection planes. Of the 14 conclusive OF flow
structures, only 8 were conclusive with regard to DSA images. The
6 others were not. Nevertheless, their representations of inflow
direction and apparent recirculation were compatible with CFD
streamlines, independent of aneurysm size, thereby demonstrat-
ing that the OF method could possibly unfold genuine flow struc-
tures wherever hidden in DSA. The qualitative analysis among
DSA, OF images, and CFD was in perfect agreement among the 3
independent observers, as demonstrated by the high k values of
>0.8, confirming that based on the described binary parameters,
OF images can provide consistent flow information. Unlike in
videos, still images did not necessarily reflect the degree of agree-
ment among the observers.

The clinical benefits of these DVF measurements, readily
available during treatment, have not yet been fully established.
However, one can foresee several applications in the future: 1)
predicting thrombosis in stented aneurysms,® and 2) adapting
CFD to perioperative patient-specific conditions. Furthermore,
an extension of the OF method in 3D would help give more quan-
titative insight on both the measurements of flow-pattern com-
plexity and related parameters such as wall shear stress in aneu-
rysms, which are believed to play an important role in all aspects
of aneurysm growth,” rupture,'® and clotting.''

In line with Taylor and Steinman,'? the OF method was based
on vascular anatomic imaging criterion standard DSA, which
could bring flow evaluation closer to daily clinical practice. Taylor
and Steinman strongly encouraged bringing image-based model-
ing to the management of vascular diseases rather than innovating
with more sophisticated developments that diverge from the clin-
ically oriented approaches. Alternatively, other groups have fol-
lowed the same lead by using phase-contrast MR angiography and
CFD comparisons. Karmonik et al'? described similar velocity
shapes between 2D phase-contrast MR angiography and CFD in
anterior communicating artery aneurysms. In 2 canine aneurysm

models, Jiang et al**

also showed favorable agreement of velocity
fields between phase-contrast MR angiography and CFD. Other
studies compared the flow patterns between DSA and CFD by

using virtual angiogram modeling. Cebral et al'®

qualitatively
compared the intra-aneurysmal flow structures of 3 patients be-
tween conventional DSA and virtual angiograms and were able to
predict, with good agreement, the locations and sizes of the inflow

jet, outflow, impaction zone, and vortex structures.

Limitations and Further Developments

The single DSA projection view is an unfortunate limitation of
our method, which restricted the CFD analysis and consequently
precluded the use of qualitative features defined, for instance, by
Cebral et al'® (inflow concentration, impingement zone, flow
complexity, and flow stability) to describe the intra-aneurysmal
flow. These features were not fully applicable in the context of our
DVF study implying the use of simpler parameters. Because the
optical flow algorithm measures moving patterns within the re-
gions of interest, overlap of branches and the parent vessel should
be avoided as much as possible when choosing the projection
views. Moreover, the OF method might introduce fake vortices as
a result of projecting laminar flow patterns, which can only be
avoided by the extension of the method to 3D images. DVF mag-



nitude can be underestimated for very high velocities due to in-
appropriate temporal resolution in DSA. In addition to optical
flow method boundary condition measurements, segmentation
may also impact CFD outcome as has been observed in the first
patient in Fig 3A. Furthermore, both the seed points and attenu-
ation may influence CFD streamlines.

Moreover, even if the OF method was validated by using
Doppler sonography to evaluate the volumetric blood flow in in-
ternal carotid arteries, we believe that intra-aneurysmal flow
quantification in patients would require further development and
carefully conducted validation steps involving, for example, par-
ticle imaging velocimetry measurements. In this study, we aimed
to demonstrate that a novel method, applicable to the clinical
routine, could be used in the future to perform more patient-
specific CFD and to characterize potential aneurysm flow patterns
related to rupture.

CONCLUSIONS

Velocity field patterns measured in intracranial aneurysms by us-
ing the OF method from DSA sequences were reasonably matched
with DSA and CFD outcome and could provide, whenever possi-
ble, complementary flow pattern structures not visible on DSA.
Moreover, the extension of the OF method to 3D images should
definitely help in removing fake single-plane flow structures.
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Forced Arterial Suction Thrombectomy with the Penumbra
Reperfusion Catheter in Acute Basilar Artery Occlusion:
A Retrospective Comparison Study in 2 Korean University

Hospitals

Y.-l. Eom, Y .-H. Hwang, .M. Hong, J.W. Choi, Y.C. Lim, D.-H. Kang, Y.-W. Kim, Y.-S. Kim, S.Y. Kim, and J.S. Lee

ABSTRACT

BACKGROUND AND PURPOSE: A performance of forced arterial suction thrombectomy was not reported for the treatment of acute
basilar artery occlusion. This study compared revascularization performance between intra-arterial fibrinolytic treatment and forced
arterial suction thrombectomy with a Penumbra reperfusion catheter in patients with acute basilar artery occlusion.

MATERIALS AND METHODS: Fifty-seven patients with acute basilar artery occlusion were treated with intra-arterial fibrinolysis (n = 25)
or forced arterial suction thrombectomy (n = 32). Baseline characteristics, successful revascularization rate, and clinical outcomes were
compared between the groups.

RESULTS: Baseline characteristics, the frequency of patients receiving intravenous recombinant tissue plasminogen activator, and mean
time interval between symptom onset and femoral puncture did not differ between groups. The forced arterial suction thrombectomy
group had a shorter procedure duration (75.5 minutes versus 113.3 minutes, P = .016) and higher successful revascularization rate (88% versus
60%, P = .017) than the fibrinolysis group. Fair outcome, indicated by a modified Rankin Scale 0-3, at 3 months was achieved in 34% of
patients undergoing forced arterial suction thrombectomy and 8% of patients undergoing fibrinolysis (P = .019), and the mortality rate was
significantly higher in the fibrinolysis group (25% versus 68%, P = .001). Multiple logistic regression analysis identified the forced arterial
suction thrombectomy method as an independent predictor of fair outcome with adjustment for age, sex, initial NIHSS score, and the use
of intravenous recombinant tissue plasminogen activator (odds ratio, 7.768; 95% Cl, 1.246—48.416; P = .028).

CONCLUSIONS: In acute basilar artery occlusion, forced arterial suction thrombectomy demonstrated a higher revascularization rate and
improved clinical outcome compared with traditional intra-arterial fibrinolysis. Further clinical trials with the newer Penumbra catheter are warranted.

ABBREVIATIONS: BAO = basilar artery occlusion; IA = intra-arterial; FAST = forced arterial suction thrombectomy

he prognosis for acute basilar artery occlusion (BAO) is

dismal."? Early recanalization is one of the most important
prognostic factors for an improved outcome in BAO.>* Intra-
venous infusion of recombinant tissue plasminogen activator
is, however, not fully effective for the recanalization of acute
BAO.>*

Endovascular treatment is an emerging therapeutic option for
acute BAO. Previously, local infusion of fibrinolytic agents was
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the only available therapy.>”® Although intra-arterial fibrinolysis
achieved a much higher recanalization rate than intravenous
rtPA, clinical outcome did not differ between the treatments.’
Recently, several mechanical thrombectomy devices have been
developed and applied in clinical studies.’®'* However, thus far,
no device has been proved to improve clinical outcomes, and the
optimal strategy for acute BAO treatment has not yet been
established.

The Penumbra System (Penumbra, Alameda, California) is
an endovascular device designed to reduce clot burden in acute
ischemic stroke due to large cerebral artery occlusion. Al-
though many clinical trials have been conducted using the de-
vice, data concerning the use of the Penumbra System in acute
BAO are still scarce.'® Forced arterial suction thrombectomy
(FAST), which is a modification of the standard Penumbra
System, is used as a mechanical recanalization method for isch-
emic stroke.'*'> Unlike the standard Penumbra System, the

FAST method involves only a reperfusion catheter. Negative
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FIG1. Flow diagram of the current study.

Table 1: Baseline demographics, neurologic deficits, and hyperacute treatment status

MATERIALS AND METHODS

Study Population

This retrospective study involved regis-
try data bases and additional imaging
analyses. All patients or their caregivers
gave informed consent for each endo-
vascular treatment. From registries of 2
university hospitals in Korea, 113 con-
secutive patients who had BAO with or
without continuous vertebral artery oc-
clusion and underwent revasculariza-
tion treatments between March 2006
and June 2013 were enrolled (Fig 1).
Among them, those who had transfemo-
ral cerebral angiography—proved BAO
and underwent IA revascularization
with either fibrinolysis or mechanical
thrombectomy by using FAST as the ini-
tial IA treatment method for acute BAO
were included. Patients were excluded
under the following conditions: 1) their
onset of symptoms was unclear, 2) an-

other cerebral artery was occluded, 3)

Fibrinolysis Group ~ FAST Group P Value g
N @i % 3 onset-to-puncture time exceeded 720
Age (yr) (mean) 66.6 102 683 +10.7 549 minutes, or 4) their stroke etiology was
Male 21(84%) 22 (69%) 184 dissection. We grouped patients into a
Hypertension 11(44%) 21(66%) 103 fibrinolysis group and a FAST group,
Diabetes mellitus 7(28%) 9 (28%) 992 depending on the initial method of en-
Ll flog e 8 (32%) 1 (34%) 850 dovascular treatment. Other endovas-
NIHSS score on admission (mean) 19.9 = 81 19.8 =87 965 ’
TOAST classification 737 cular methods for rescue therapy were
Atherosclerosis 14 (56%) 15 (47%) permitted.
Cardioembolism 7 (28%) 12 (37%)
Mixed or unknown 4 (16%) 5 (16%) Protocol
Use of intravenous rtPA 7 (28%) 12 (36%) 35 Brain parenchyma and cervicocerebral
Time from onset to puncture (min) (mean) 297.0 £ 1251 2814 +1383 662 . .
ENSAMELS VS s arteries were evaluated by CT or MR im-
Vel inees 22 (88%) _ aging as early as possible before IA treat-
rtPA 2 (8%) ment. The BAO as a treatment target was
Tirofiban 1(4%) confirmed by selective cerebral intra-ar-
M
Penumbra - - 32(100%) terial digital subtraction angiography.
Res;z:t'grnzatment methods 7(28%) 6(18.8%) Patients received either endovascular re-
Tierban 2(8%) 2 (6.3%) vascularization treatment following in-
Abciximab 2 (8%) - travenous thrombolysis or endovascular
enumbra 6 treatment alone. Local intra-arterial fi-
P b 2(8%) 1 Local i ial fi
Solitaire - 3(94%) brinolysis was performed by using an in-

Note:—TOAST indicates Trial of Org 10172 in Acute Stroke Treatment.*

pressure via forceful pulling of a syringe can keep an embolus
aspirated at the catheter tip. This method has been reported to
be simpler and faster than the standard Penumbra System and
has been applied clinically.'*'®!”

We postulated that the FAST method may improve the clin-
ical outcome of acute BAO compared with the traditional en-
dovascular treatment method of local fibrinolysis. In the pres-
ent study, we evaluated the revascularization performance and
clinical outcomes between intra-arterial (IA) fibrinolytic treat-
ment and the FAST method and compared them with the Pen-

umbra reperfusion catheter in patients with acute BAO.

fusion microcatheter inserted into the

middle of the clots. Fibrinolytic agents
included rtPA, urokinase, abciximab, and tirofiban. All FAST
methods were performed by using the Penumbra aspiration cath-
eter (first-generation). Using a transfemoral approach, we
placed the guide catheter into the dominant or most navigable
vertebral artery. After we placed the reperfusion catheter im-
mediately proximal to the clot, we applied negative pressure at
the distal tip by continuous suctioning with a 50-mL syringe.
The catheter was then smoothly pulled back. The interven-
tional procedure was terminated when recanalization was
achieved or according to a consensus between neurologists and
neurointerventionists.
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Table 2: Procedural and clinical outcomes

Fibrinolysis Group FAST Group P Value

Procedure time (min) (mean) 3.3 = 654 755422 .016
Time from onset to final angiography (min) (mean) 419.5 = 1447 364.7 £ 145.2 163
Successful revascularization 15 (60%) 28(88%) .017
Intracranial hemorrhage 157

Hemorrhagic transformation type 1 7(29%) 4 (13%)

Hemorrhagic transformation type 2 - -

Parenchymal hematoma type 1 - -

Parenchymal hematoma type 2 1(4%) -
SAH 2(8%) 2(6%) 797
NIHSS score at discharge (mean) 202118 92*12.8 066
Fair outcome at 3 months 2(8%) 11(34%) .019
Mortality 17 (68%) 8(25%) .001
Successful revascularization with the primary stand-alone technique 13 of 21(61.9%) 24 of 26 (92.3%) .on
Procedure time of the primary stand-alone technique (min) (mean) 911+ 446 66.2 =340 .037
Fair outcome at 3 months with the primary stand-alone technique 10of 21(4.8%) 10 of 26 (38.5%) .007

Outcome Measurements

Baseline patient data, including vascular risk factors, stroke etiol-
ogy, laboratory and imaging variables, and initial neurologic se-
verity scales, were retrieved from each stroke registry data base
and electronic health records. Imaging data were collected from
the PACS of each hospital. Procedural duration was defined as the
time between the placement of a guide catheter proximal to the
target artery and final angiography of the target artery. Revascu-
larization was measured by the Thrombolysis in Cerebral Infarc-
tion score. Successful revascularization was defined as a TICI
score of 2b (perfusion = 50%) or 3. Functional outcomes were
measured by using the modified Rankin Scale and mortality at 3
months. Fair outcome at 3 months was defined as an mRS score of
0-3.

Statistical Analysis

Univariate analyses were performed by using the t test for contin-
uous variables and the x” test for nonparametric variables. Logis-
tic regression analysis was used to evaluate whether the FAST
method was an independent predictor of fair outcomes at 3
months. Two-sided P values < .05 were considered significant.
Statistical analyses were performed by using a commercially avail-
able software package (SPSS, Version 17.0 for Windows; IBM,
Armonk, New York).

RESULTS

Ultimately, 57 patients were included in the study: 25 in the fibri-
nolysis group and 32 in the FAST group. Baseline characteristics
were similar between groups (Table 1). Mean age, the frequency
of males, and the mean initial National Institutes of Health Stroke
Scale score did not differ significantly between groups. The fre-
quency of patients who underwent intravenous rtPA and the
mean time interval between symptom onset and femoral punc-
ture also did not differ between groups.

Procedural and clinical outcomes are presented in Table 2.
Urokinase was most frequently used for primary IA fibrinolysis
(88%; mean, 240,000 U). Tirofiban and rtPA were used in a small
number of patients who underwent primary IA fibrinolysis. In
patients who underwent the primary FAST procedure, the Pen-
umbra reperfusion catheter 041 was most frequently used (29
cases), followed by the Penumbra reperfusion catheter 032 (3
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FIG 2. Modified Rankin Scale of each group. Mortality was signifi-
cantly reduced when patients underwent endovascular treatment
with the FAST method compared with local fibrinolysis.

Table 3: Multiple logistic regression model for fair outcome at 3
months

Variables OR (95% ClI) P Value
Age 0.951(0.881-1.027) 199
Sex 0.135(0.013-1.389) .092
Initial NIHSS score 0.914 (0.828-1.009) .073
Intravenous rtPA 3.749 (0.685-20.512) 128
FAST method 7.768 (1246-48.416) 028
Successful revascularization 4.339(0.266-70.698) 303

cases). Furthermore, the Penumbra reperfusion catheter 026 (2
cases) was used only for rescue therapy in the fibrinolysis group. A
separator was not used in any of the cases in both the hospitals.
The median number of passes performed with the Penumbra rep-
erfusion catheter was 2 (interquartile range, 1-3). The mean pro-
cedural duration was significantly shorter in the FAST group than
in the fibrinolysis group (76 minutes versus 113 minutes, P =
.016). Successful revascularization was achieved at a higher rate in
the FAST group than in the fibrinolysis group (88% versus 60%,
P = .017). The rate of fair outcome at 3 months was significantly
higher in the FAST group than in the fibrinolysis group (36%
versus 8%, P = .015), while the mortality rate was significantly
higher in the fibrinolysis group (23% versus 68%, P = .001; Fig 2).
A multiple logistic regression model revealed that the FAST
method was an independent predictor of fair outcome with ad-
justment for age, sex, initial NIHSS score, and the infusion of
intravenous rtPA (odds ratio, 7.768; 95% CI, 1.246—48.416; P =
.028; Table 3).

Notably, our cohort demonstrated unique characteristics con-
cerning etiology, with atherosclerosis accounting for 50% of pa-



Table 4: List of revascularization treatment studies for acute basilar artery occlusion

No. of NIHSS on Good Fair TIMI  TICI

Reference Method Patients  Age (yr) Admission Outcome Outcome Mortality 2-3  2b-3 sICH SAH
Arnold et al (2004)*' Urokinase 40 58 (median) 18 (median) 35% 47% 42% 60% - 5% -
Lutsep et al (2008)"* Merci 27 58 (median) 22 (median) 33% 41% 44% 78% - 9% 1%
Roth et al (2011)"° Standard Penumbra System 12 70 (median) 28 (median) 33% 50%° 33%* 83%° - - -
Mourand et al (2014)*° Solitaire 31 61(mean) 38 (median) 35% - 32% - 74% 6% —
Espinosa de Ruedz et al (2013)?%  Solitaire, Trevo 18 68 (mean) 20 (mean)© 50% - 22% - 944% - 6%
Current study, fibrinolysis Urokinase, rtPA, tirofiban 25 67 (mean) 20 (mean) 8% 8% 68% - 36% 4% 8%
Current study, FAST FAST method 33 68 (mean) 20 (mean) 22% 35% 21% - 79% 0% 6%

Note:—TIMI indicates Thrombolysis in Myocardial Infarction; sICH, symptomatic intracerebral hemorrhage.

2 Scales were evaluated before discharge.
b Definition of recanalization was not clearly documented.
©NIHSS score on admission was evaluated only in nonintubated patients (12 of 18).

FIG 3. Schematic drawings of endovascular treatment for acute BAO. A, Arterial branches are
obscured above the occlusive site, and inadvertent hemorrhagic complications can occur when
amicrowire and microcatheter must be navigated distal to the occlusive site. Band C, The FAST
method can avoid this risk because the tip of the Penumbra reperfusion catheter is located only

at the proximal end of the clot.

tients. Specifically, intracranial stent placement was performed in
19% and 28% of patients in the FAST and fibrinolysis groups,
respectively.

DISCUSSION

In this series, we have demonstrated that the FAST method with
the Penumbra aspiration catheter can rapidly and effectively re-
store blood flow in acute BAO and can improve patient outcome
in comparison with the traditional IA fibrinolysis method. Better
clinical outcome was attributed to higher performance in terms of
the revascularization rate and shorter procedural duration. This
study is the first to report the efficacy of FAST with the Penumbra
reperfusion catheter for the treatment of acute BAO in compari-
son with IA fibrinolysis.

Acute BAO is a devastating disease, which has been associated
with a poor clinical outcome and a high mortality rate."* Treat-
ment with intravenous thrombolysis has been shown to be inef-
fective for the recanalization of BAO or carotid T occlusion.'®'?
On the basis of these limitations, IA injection of fibrinolytic agents
has been adopted in standard protocols to treat BAO by many
stroke centers, and several randomized trials and numerous case
series have demonstrated the benefits of this therapy.>”>°
However, despite the high recanalization rate of intra-arterial fibri-
nolysis therapy, clinical outcome has not improved.*”> In the past
several years, the introduction of mechanical thrombectomy devices

has offered a new option for the treatment
oflarge-vessel occlusion, achieving higher
recanalization rates and favorable clinical
Outcomes'S,lO,12,13,26,27

At the start of the endovascular treat-
ment era for BAO, Hacke et al? published
findings in 1988 demonstrating better
outcomes and higher survival rates in
patients who underwent IA fibrinolysis
compared with those who received con-
ventional treatment. On the basis of that
report, IA fibrinolysis has been consid-
ered an additional treatment option for
patients with acute BAO. Recently, several
studies have described the performance
and efficacy of new mechanical throm-
bectomy devices for the treatment of
BAO. The Merci retrieval system (Con-
centric Medical, Mountain View, Califor-
nia) was reported as a feasible option for
the revascularization of acute BAO, with a
recanalization rate of 68%.'> Several studies using the Solitaire
retrieval stent (Covidien, Irvine, California) in acute BAO have
also been reported.' !> The latest studies have achieved revas-
cularization rates of 74%—-94% and mortality rates of 22%—32% by
using stent-retrieval systems.””*® Previous studies of endovascular
treatment for BAO are summarized in Table 4.'*'%2%30-1

Limited literature is available on use of the Penumbra system
for acute BAO. In one study, 12 patients with acute BAO were
treated with the standard Penumbra System, with a recanalization
rate of 75% and a mortality rate of 33%.'° In the present study, a
successful revascularization rate of 79% and a 21% mortality rate
were observed with the FAST method. Compared with traditional
IA fibrinolysis, which had a successful revascularization rate of
36% and a mortality rate of 68%, outcomes of the FAST method
were substantially better. Compared with the standard Penumbra

'% outcomes appeared to be slightly better, particularly

System,
with respect to mortality.

The interpretation of clinical outcomes in our cohort should
be cautious. In contrast to cohorts in Western countries, the rate
of atherosclerosis among stroke etiologies in our patients was rel-
atively high, up to 50%. After patients were treated with the first
endovascular method, intractable severe stenosis still caused the
blood flow to be stagnated, necessitating secondary angioplasty
and/or stent placement, in approximately 20% of our patients.
These additional procedures may delay the final revascularization
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time and worsen clinical outcomes. On this basis, investigators
should consider that intracranial stenosis may be observed often
when Asian patients are studied in clinical trials of endovascular
treatment. Furthermore, a specific strategy of endovascular treat-
ment should be established for Asian patients.

The FAST method is theoretically considered safe because it
can avoid inadvertent hemorrhagic complications resulting from
the perforation of small arteries originating from the top of the
basilar artery (Fig 3). These complications may cause further de-
crease of mental status and new neurologic deficits. In most cases
of BAO, the distal portion above the proximal end of the occlu-
sion is obscured. When a microwire and microcatheter must be
navigated to select a posterior cerebral artery, those instruments
risk perforating small arteries that are located directly beyond the
basilar artery. In the FAST method, the reperfusion catheter is
placed immediately proximal to the clot, and negative pressure is
applied to aspirate the thrombus. Without any procedure through
the thrombus, the risk of perforation is decreased (Fig 3). Recent
reports on A Direct Aspiration first Pass Technique (ADAPT)
have indicated that it is similar to the FAST method>*??; this
technique was especially well-illustrated in a previous report.>’
However, the microwire and microcatheter should be selec-
tively traversed because this may cause a subarachnoid hemor-
rhage, particularly through the perforators at the top of the
basilar artery.

The current study has some limitations. First, it was retrospec-
tive. A further comparative study in which both groups are ran-
domly assigned should be performed to confirm our results. Sec-
ond, both methods were not performed in the same time period.
The FAST method was introduced more recently; therefore, prog-
ress in the systematic treatment for acute ischemic stroke and the
development of newer intracranial microwires and microcath-
eters may have influenced our results. Nonetheless, major base-
line characteristics and clinical events that have a substantial
influence on outcomes were similar between the groups. Addi-
tionally, data were collected from 2 large hospitals and combined
so that unforeseen confounding factors were less likely to have
significantly affected our results. Finally, additional treatment for
intracranial arterial stenosis was not considered in our analyses.
Stenosis of the vertebrobasilar artery system is often observed,
especially in Asians. The revascularization methods for stenosis
should be applied differently. On the basis of our observations,
FAST methods are better suited to embolic BAO than to
atherosclerosis.

CONCLUSIONS

The FAST method by using the Penumbra reperfusion catheter
demonstrated superior performance and was associated with bet-
ter outcomes in patients with acute BAO compared with intra-
arterial fibrinolysis. Moreover, the Penumbra system has recently
been enhanced. However, additional clinical trials with newer
generation devices, such as Penumbra ACE and MAX, are re-
quired to confirm the conclusions of this study.
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Detection of Carotid Artery Stenosis: A Comparison between
2 Unenhanced MRAs and Dual-Source CTA

P.Lv,J. Lin, D. Guo, H. Liu, X. Tang, C. Fu, and J. Hu

)

ABSTRACT

BACKGROUND AND PURPOSE: Dual-source CTA and black-blood MRA are recently developed techniques for evaluating carotid ste-
nosis. The purpose of this study was to compare dual-source CTA with black-blood MRA and conventional TOF MRA in both detecting
carotid stenosis by using DSA as a reference standard and demonstrating plaque morphology.

MATERIALS AND METHODS: Thirty patients with suspected carotid artery stenosis underwent unenhanced MRA by using black-blood
and TOF MRA and dual-source CTA. Source images from unenhanced MRAs and dual-source CTA were reconstructed with MIP or curved
planar reconstruction. The degree of carotid artery stenosis was measured, and plaque surface morphology at the stenosis was analyzed
and compared among different techniques.

RESULTS: Good correlation was observed for measuring the degree of carotid stenosis among dual-source CTA, black-blood MRA, TOF
MRA, and DSA. Sensitivity and specificity for detecting severe stenosis were 100% and 97% with dual-source CTA, 100% and 95% with
black-blood MRA, and 79% and 95% with TOF MRA. None of the 3 technologies resulted in stenosis of <<50% being overestimated. Plaque
surface irregularity or ulceration was more frequently detected with dual-source CTA and black-blood MRA than with TOF MRA and DSA.

CONCLUSIONS: This preliminary study shows that black-blood MRA is a promising technique, comparable with dual-source CTA and
DSA, but better than TOF MRA, in the evaluation of carotid stenosis. Unlike dual-source CTA, black-blood MRA requires no intravenous
contrast or radiation.

ABBREVIATIONS: BB MRA = black-blood MRA; DSCTA = dual-source CTA

arotid artery atherosclerosis is a major cause of ischemic cere-
brovascular disease."> Measurement of carotid stenosis and
demonstration of plaque morphology are critical for the manage-
ment of patients with carotid atherosclerosis. DSA is the current
reference standard for evaluating carotid artery stenosis. The di-
agnostic role of DSA has largely been replaced, however, by non-
invasive techniques such as sonography, CTA, and MRA.
Sonography has been the most commonly performed tech-
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nique but may be restricted by its operator dependence and lim-
ited coverage. CTA is another widely used technique for the eval-
uation of carotid artery stenosis with high accuracy.” Dual-source
CTA (DSCTA) uses 2 x-ray sources and 2 detectors at the same
time. With this technique, 2 images can be simultaneously ac-
quired with different tube voltages; this feature has been shown to
be an advantage for the evaluation of densely calcified carotid
stenosis.”” Contrast-enhanced MRA has been established as an
alternative for carotid imaging with a diagnostic accuracy similar
to that of CTA.*” Both CTA and contrast-enhanced MRA use
contrast media and are restricted in patients with impaired renal
function, and CTA also requires ionizing radiation. As a result,
unenhanced MRA without gadolinium is a desirable alternative,
especially in patients with renal failure. Conventional TOF MRA
has been widely used in clinical practice for carotid visualization,
but it is limited by local reduction of signal intensity related to
slow and turbulent flow and also prolonged imaging time.® T2-
weighted black-blood MRA (BB MRA) is a newly developed tech-
nique showing potential in the evaluation of both the lumen and
the wall of the carotid artery after optimal suppression of the



signal from flowing blood.>'® Few studies, to our knowledge
however, have compared DSCTA with BB MRA and conventional
TOF MRA in evaluating carotid stenosis.

The aim of this study was to prospectively and intraindividu-
ally compare these 2 unenhanced MRA methods with DSCTA in
detecting carotid artery stenosis by using DSA as the standard of
reference and in demonstrating plaque morphology.

MATERIALS AND METHODS

Patients

Between December 2013 and March 2014, 30 patients (mean age,
65 * 13 years; 22 men and 8 women) suspected of having carotid
atherosclerotic disease were prospectively enrolled in the study.
All patients underwent DSCTA, TOF and BB MRA, and DSA
sequentially within 2 weeks. The examinations were approved by
the local medical ethics committee, and informed consent was
obtained from each patient.

DSCTA

All examinations were performed on a dual-source CT system
(Somatom Definition; Siemens, Erlangen, Germany). With a
power injector, 50—70 mL (according to the patient’s body
weight) of nonionic iodinated contrast media (iopamidol, To-
pamiron 370; Bracco, Milan, Italy) was injected into an antecubi-
tal vein at a flow rate of 5.0 mL/s followed by a 25-mL saline flush.
CT was initiated by using a bolus-tracking technique at the level of
the aortic arch with a trigger threshold of 100 HU. Acquisition
parameters were 140 kV and 80 mAs, on tube A and 80 kV and
234 mAs_g on tube B. Each detector was collimated to 32 X 0.6
mm with a flying focal spot, and a pitch of 0.65 was applied.
Images were reconstructed with a dedicated D30 reconstruction
algorithm. Section thickness and increment were 1.0 and 0.7 mm,
respectively. Two individual stacks of images for each detector (80
kV and 140 kV images) and dual energy mixed images were re-
constructed. The latter contained weighted information from
both detectors with a weighting factor of 0.3, thus approximating
regular 120-kV images.

The raw DSCTA images were transferred to a workstation with
commercially available dual-energy postprocessing software
(syngo Dual Energy; Siemens). Automatic bone removal was per-
formed without further manual adjustments of the algorithm.
The DSCTA images before and after bone removal were used for
both reconstruction and diagnostic reading. The DSCTA images
after bone removal were considered supplements in case calcified
plaque affected the evaluation of carotid stenosis.

MRA

All examinations were performed on a 3T MR imaging system
(Magnetom Verio; Siemens) using a head and neck coil. 3D TOF
was acquired first with the following parameters: TR = 19 ms;
TE = 3.6 ms; flip angle = 18°% FOV = 240 X240 mm; matrix =
256 X 256; section thickness = 0.8 mm; section number = 40;
mean acquisition time = 5:33 minutes. After that, 3D BB MRA
was performed with a fat-saturated T2-sampling perfection with
application-optimized contrast by using different flip angle evo-
lution sequence in the coronal plane. Imaging parameters were as
follows: TR = 1800 ms; TE = 168 ms; FOV = 240 X 240 mm;

matrix = 256 X 256; section thickness = 0.8 mm; section num-
ber = 50; mean acquisition time = 5:47 minutes.

DSA

DSA was performed via femoral artery catheterization by using
the digital subtraction technique (Axiom Artis dTA; Siemens).
Common carotid arteries were selectively catheterized. Images
were obtained in anteroposterior, lateral, and 2 oblique projec-
tions for each catheterization.

Image Analysis

Commercially available 3D software (syngo, Siemens) was used to
create MIP, MPR, and curved planar reconstructions from the
raw DSCTA and MRA images.

An experienced vascular radiologist reviewed the image qual-
ity of DSCTA and MRA in 2 separate sessions. Image quality was
evaluated on the basis of the following features: vascular attenua-
tion or signal intensity, homogeneity of enhancement, and the
presence of artifacts. It was scored on a 4-point scale as follows: 1,
excellent; 2, good; 3, moderate; and 4, poor visualization or
nondiagnostic.

Each MRA and DSCTA image was assessed by another 2 expe-
rienced vascular radiologists (with 5 and 8 years of experience)
independently in terms of stenosis and plaque morphology. A
third interventional radiologist with 15 years of experience, who
was unaware of the findings of the other examinations, assessed
the stenosis and plaque surface on DSA. The patient’s basic infor-
mation was hidden, and all datasets were analyzed in random
order. DSCTA, BB MRA, and TOF MRA images were evaluated
separately with an interval of 1 week.

The degree of stenosis of each ICA was quantified on DSCTA,
MRA, and DSA images on a similar plane. The diameter of the
most severe stenosis was divided by the diameter of the ICA well
beyond the bulb. The degree of stenosis was graded according to
the NASCET criteria'': T (1%—29%), mild stenosis; 1T (30%-—
49%) and III (50%-69%), moderate stenosis; IV (70%-99%),
severe stenosis; and V, occlusion. Plaque surface morphology was
classified as regular, irregular, or ulcerated.'>'? Ulcer was seen as
a crater penetrating into a plaque. A relatively smooth outpouch-
ing between 2 smooth narrowings that was most consistent with
the expected position of the carotid wall would be regarded as a
normal lumen and not ulceration.

Statistical Assessment

The relationship among DSCTA, BB MRA, TOF MRA, and DSA
in grading stenosis was analyzed by using the Spearman rank cor-
relation coefficient. For each unenhanced MRA and DSCTA, in-
terobserver agreement in the evaluation of stenosis and plaque
surface morphology was assessed by using the Cohen k test.
Agreement was defined as mild (k > 0.40—0.69), good (k > 0.70—
0.89), or excellent (k > 0.90-1.00).

RESULTS

In 30 patients, 55 stenoses at the carotid bifurcation were detected
by DSA; 5 patients had unilateral carotid stenosis and 25 had
bilateral carotid stenosis. The quality of DSCTA images was
graded as either excellent (28 cases) or good (2 cases). No relevant
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Comparison of the degree of stenosis with CTA, BB MRA, TOF MRA, and DSA

The Table summarizes the results of

Stenosis Degree on DSA

stenosis measured with DSCTA, BB

Stenosis Degree on

DSCTA/BB MRA/TOF MRA  1%-29%  30%—49% 50%-69% 70%-99% 100%  MRA, and TOF MRA in comparison with
1%-29% 23/23/23 0/0/0 0/0/0 0/0/0 0/0/0 DSA (Figs 1-3). For the measured carotid
30%-49% 0/0/0 7/7/7 0/0/0 0/0/0 0/0/0  stenosis, good correlation was observed
50%—693’ O; 0; 0 0; O; 0 7; 6; 6 0; O//1 0; O; 0 among these 3 techniques and DSA (r* =
70%—-99% 0/0/0 0/0/0 1/2/2 14/14/1 0/0/0 . .

. bl . b . b} 1 F 4 .
100% 0/0/0 0/0/0 0/0/0 0/0/2 . 0.988, 0.986, 0.967, respectively) (Fig 4)

FIG1. A, DSA depictsa moderate stenosis of the ICA. B, Dense calcification on standard DSCTA
interferes with the display of the vascular lumen. C, DSCTA after removal of calcification and
bone clearly demonstrates the stenosis. TOF MRA (D) and BB MRA (E) both accurately depict the
degree of carotid stenosis. An ulcer (white arrows) is detected by all of the examinations except
TOF MRA. F, MPR of BB MRA in a different perspective shows the ulcer.

motion artifacts diminished the quality of the DSCTA images.
The TOF MRA was graded as either excellent (15 cases) or good
(15 cases). The quality of BB MRA images was graded as excellent
in 10 cases and good in 18 cases. In 2 cases, BB MRA was rated as
poor visualization or nondiagnostic because of a limited signal-
to-noise ratio or motion artifacts. These 2 cases with unilateral
carotid stenosis shown on DSA were excluded from further eval-
uation and comparison.
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None of the 3 techniques resulted in the
degree of stenosis <50% being overesti-
mated. Overestimation occurred in 1 case
of moderate stenosis (50%—69%) with
DSCTA and in 2 cases of moderate steno-
sis with both BB MRA and TOF MRA.
TOF MRA misinterpreted severe stenosis
(70%—-99%) as occlusion in 2 cases.

Sensitivity and specificity for detecting
severe stenosis was 100% and 97% with
DSCTA, 100% and 95% with BB MRA,
and 79% and 95% with TOF MRA. Inter-
observer agreement for the evaluation of
the degree of stenosis was excellent for
DSCTA (k = 0.94) and good for BB MRA
(k = 0.81) and TOF MRA (k = 0.85).

Plaque surface irregularity or ulcer was
more frequently identified on DSCTA (18
irregularities and 7 ulcers) and BB MRA
(19 irregularities and 6 ulcers) than on
TOF MRA (15 irregularities and 3 ulcers)
and DSA (16 irregularities and 4 ulcers).
Three plaque ulcers all depicted by
DSCTA, BB MRA, and DSA were not seen
on TOF MRA (Fig 1). Interobserver
agreement for the evaluation of plaque
surface morphology was good for DSCTA
(k = 0.80), BBMRA (k = 0.76), and TOF
MRA (k = 0.71).

DISCUSSION

Accurate evaluation of the degree of carotid
stenosis is essential for guiding clinical treat-
ment. Although DSA is still considered the
criterion standard for the evaluation of ca-
rotid artery stenosis, there are some well-
known limitations, including its invasive-
ness, risk of neurologic complications, and
the potential for variability in the quantifi-
cation of stenosis, especially if limited pro-
jections are acquired.

Noninvasive vascular imaging tech-
niques have gradually replaced DSA for the
diagnosis of carotid artery stenosis. Previous studies have already
proved the capabilities of both CTA and MRA to reliably determine
the degree of carotid stenosis.®'4"!” In addition, studies have shown
that CT and MR imaging may provide supplemental information
about the composition and morphology of plaque.'®>*

Due to its high spatial resolution and fast imaging, CTA has
been widely used in the examination of the carotid artery. Identi-
fication of calcified plaque is another advantage of CT, which is



FIG2. DSA (A)and DSCTA (B) depict a severe and irregular stenosis of the ICA. C, TOF MRA overestimates this stenosis as an occlusion because
of local luminal nonvisualization. D, BB MRA clearly detects this severe stenosis with an irregular plaque surface.

FIG 3. DSA (A), DSCTA (B), TOF MRA (C), and BB MRA (D) all depict a moderate and irregular stenosis at the ICA with close correlation.

helpful in the preinterventional assessment of carotid disease.
However, in cases with severe calcification on the vessel wall,
the demonstration of the lumen may be compromised; this
compromise affects accurate evaluation of the degree of ca-
rotid stenosis.*>**

The application of conventional bone subtraction or auto-
matic bone removal with DSCT greatly improves carotid assess-
ment without overlay of calcified plaques. The dual-energy tech-
nique on DSCTA distinguishes contrast media from calcified
plaques by exploiting the differences in attenuation of iodine and
calcium at different x-ray energies.*® The radiation dose of a dual-
source scan is only slightly higher than that of a normal single-
source scan.>> Compared with conventional subtraction, DSCTA

reduces the radiation dose and avoids motion artifacts by sparing
the unenhanced acquisition.>” With the dual-energy technique,
we achieved the best image quality and accuracy of DSCTA in the
demonstration of carotid stenosis. Sensitivity and specificity for
detecting severe stenosis were 100% and 97% with DSCTA in our
study, which was similar to that in the previous literature.* Over-
estimation occurred in only 1 case because of excessive deletion of
calcified plaque, which might be due to blooming artifacts and
partial volume effects.

Although slightly inferior to CTA in the evaluation accuracy of
carotid stenosis, contrast-enhanced MRA is also a robust tech-
nique.® In recent years, however, nephrogenic systemic fibrosis in
patients with renal failure associated with gadolinium chelates has
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FIG 4. Linear regression among DSCTA, BB MRA, TOF MRA, and DSA for the stenosis measurement.

received increasing attention.?® As an alternative option, tradi-
tional TOF MRA is still widely in use despite signal loss resulting
from slow and turbulent flow at the carotid bifurcation region.® In
this study, overestimation occurred on TOF MRA in 2 cases with
moderate stenosis and in 2 cases with severe stenosis.
Black-blood MR imaging has been used to define carotid
plaque composition and morphology.>>*” In recent years, it is
being refined to visualize and quantify the lumen of the carotid
artery.'®*® By selectively suppressing the signals coming from the
artery lumen, BB MRA can better delineate the structure of the
arterial wall and detect the degree of carotid stenosis. 3D sampling
perfection with the application of optimized contrast by using
different flip angle evolution is a recently developed T2-weighted
MR imaging technique with high spatial resolution. Good T2-
weighted images can be obtained by using different flip angles,
which enable a low specific absorption rate value. Use of a parallel
acquisition technique makes it possible to obtain thin-section im-
ages in a reasonable acquisition time.?” One previous study
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showed that 3D BB MRA could allow accurate measurement
of carotid stenosis in comparison with contrast-enhanced
MRA."° Our study showed that its sensitivity and specificity for
the detection of severe carotid stenosis were comparable with
DSCTA but better than TOF, though the image quality was
slightly inferior to that of DSCTA. Overestimation occurred in
2 cases of moderate stenosis, which was due to heterogeneous
signals from the lumen.

Detecting plaque morphology is also important. Ulceration
and irregularity of carotid plaque are strong predictors of overall
carotid plaque instability.'> Furthermore, they have been shown
to predict the risk of future stroke and to be associated with acute
coronary events.”® Because of the limited projection angles, DSA
has limitations in detecting irregular plaque or small ulcers.

In our study, irregularities of plaques and ulcers were more
frequently observed on DSCTA and BB MRA because both al-
lowed better visualization of the plaque through multiple per-
spectives. TOF MRA, however, was insensitive to the surface ulcer



of the carotid plaque, which might be due to the local loss of signal
intensity as mentioned above.

This study has several limitations. First, the sample size was
relatively small, and further studies are warranted to verify the
accuracy of BB MRA in evaluating carotid stenosis. Second, no
surgical and histologic confirmation was available for plaque
morphology in our study. We assumed that the number of ulcers
detected in this study is likely be underestimated because small
ulcers might not be obvious on all images or appeared as plaque
irregularities. Finally, the acquisition time of BB MRA was still
long, and further technical optimization of BB MRA was still
needed because 2 cases were excluded from our study owing to
motion artifacts or reduced signal-to-noise ratio.

CONCLUSIONS

BB MRA is a promising technique that is comparable with
DSCTA and DSA in the evaluation of carotid stenosis. In addition,
BB MRA and DSCTA are better than TOF MRA in demonstrating
stenosis and plaque morphology. The clinical application of BB
MRA may be valuable, given that it does not use ionizing radiation
and contrast medium.
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Diagnostic Accuracy of Screening MR Imaging Using
Unenhanced Axial CISS and Coronal T2WI for Detection of
Small Internal Auditory Canal Lesions

T.A. Abele, D.A. Besachio, E.P. Quigley, RK. Gurgel, C. Shelton, H.R. Harnsberger, and RH. Wiggins Il
bk |

ABSTRACT

BACKGROUND AND PURPOSE: While enhanced TIWI is considered the “gold standard” for detection of internal auditory canal pathol-
ogy, unenhanced fluid-sensitive sequences have shown high sensitivity for lesion identification. Our purpose was to evaluate the diag-
nostic accuracy of an unenhanced MR imaging protocol using axial CISS and coronal T2WI for detection of small (10 mm or less) internal
auditory canal lesions.

MATERIALS AND METHODS: Twenty-three patients with small internal auditory canal lesions and 13 patients without lesions who had
undergone MR imaging using the screening protocol and confirmatory gadolinium-enhanced thin section TIWI were identified. Two
blinded neuroradiologists retrospectively evaluated all examinations using 1) only axial CISS, 2) only coronal T2WI, and 3) axial and coronal
sequences together. Accuracy, specificity, sensitivity, and interobserver agreement were assessed.

RESULTS: Median maximum lesion dimension was 4 mm (range, 2-10 mm). Accuracy, specificity, and sensitivity for axial CISS alone were
0.94, 0.96, and 0.91 for observer 1and 0.94, 0.92, and 1.00 for observer 2. The data for the coronal T2WI sequence only were 0.94, 0.96, and
0.91for observer1,and 0.99,1.00, and 0.96 for observer 2. Using axial and coronal sequences, the data were 0.97, 0.96, and 1.00 for observer
1,and 0.99, 0.98, and 1.00 for observer 2. k coefficients were 0.84 for the axial sequence only, 0.90 for coronal only, and 0.91 for axial and
coronal both.

CONCLUSIONS: Screening noncontrast MR imaging using a combination of axial CISS and coronal T2WI sequences can detect small

internal auditory canal lesions with 100% sensitivity and excellent interobserver agreement.

ABBREVIATION: IAC = internal auditory canal

estibular schwannoma is the most common lesion diagnosed

during MR imaging evaluation of unilateral sensorineural
hearing loss.""? Nevertheless, only 2.7%-4.7% of contrast-en-
hanced MRIs performed for audiovestibular symptoms will diag-
nose vestibular schwannomas.™® Although gadolinium-en-
hanced thin section MR imaging has historically been considered
the “gold standard” for detection of internal auditory canal (IAC)
tumors such as vestibular schwannomas, lower cost unenhanced,
fluid-sensitive sequences have demonstrated pooled sensitivities
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ranging from 96% to 98% for detection of IAC lesions ranging
from 2 mm to >20 mm in diameter.’ In the era of rising health
care costs, especially for diagnostic imaging, the cost savings as-
sociated with a low-cost screening IAC MR imaging may become
an important factor in decision-making.

At our institution, we have performed screening MR imaging
of the IACs since the 1990s using fluid-sensitive axial and coronal
sequences. In 1996, Allen et al® demonstrated 98% accuracy of an
axial and coronal T2-weighted IAC screening MR imaging proto-
col in 25 patients whose lesions had a mean diameter of 12 mm.
Two lesions measuring <5 mm were missed. In 2006, the axial T2
FSE sequence at our institution was replaced by an axial dual-
excitation balanced steady-state interference sequence termed
CISS (Siemens, Erlangen, Germany), as 3D CISS had been re-
ported to have twice the contrast-to-noise ratio compared with
3D T2WL.” As no study has evaluated the accuracy of a 2-plane
screening IAC MR imaging protocol using CISS for detection of
small (=10 mm) lesions, we chose to evaluate the diagnostic ac-
curacy of a 2-sequence screening MR imaging protocol



using unenhanced axial CISS and coronal T2WI for detection of
small IAC lesions.

MATERIALS AND METHODS

The study was approved by the institutional review board and was
compliant with the Health Insurance Portability and Account-
ability Act. Our institutional radiologic information system data-
base was reviewed from February 2006 to April 2013 for patients
who had undergone both 1) the unenhanced screening IAC MR
imaging protocol and 2) the contrast-enhanced thin section T1-
weighted MR imaging of the IACs. Patients were included if their
examinations were within 13 months of each other or the con-
trast-enhanced MR imaging was performed after the screening
MR imaging. The cases with IAC lesions >10 mm, prior surgery,
and/or inadequate diagnostic quality secondary to motion or
other artifacts were then excluded. Two lesions located in the
cochlea that were readily visible on the noncontrast screening MR
imaging were excluded because they were few in number and
because this study was focused on IAC lesions.

The remaining cases, including 23 patients with IAC lesions
and 13 patients without lesions, were then reviewed by 2 Certifi-
cate of Added Qualification neuroradiologists who were blinded
to the original interpretations. One observer was an assistant pro-
fessor with 5 years of neuroradiology experience after fellowship,
and the other observer was a professor of neuroradiology with 14
years of experience. Each observer retrospectively evaluated both
IAC:s 3 separate times from the screening IAC MR imaging study.
First, only the axial CISS sequence was reviewed for all IACs, then
only the coronal T2 sequence was reviewed, and then both se-
quences were reviewed together. At least a 24-hour interval and
study rerandomization was performed between each review to
decrease recollection bias. Observers were asked to identify if
there was a lesion within the IAC that warranted further evalua-
tion with contrast-enhanced MR imaging. The absence of pathol-
ogy was determined when both the vestibulocochlear and facial
nerves were visualized from their root entry/exit zones to the fun-
dus of the IAC without adjacent mass. Observers were also asked
to identify the location of the lesions as being: 1) intracanalicular
(located within the IAC without contacting the fundus of the
IAC), or 2) fundal (within the IAC with any portion of the lesion
in contact with the fundus). All examinations were interpreted on
a diagnostic PACS workstation during a normal work day in be-
tween clinical examinations to simulate a routine study interpre-
tation by the neuroradiologists. All answers were recorded by a
third party. After all reading sessions of the studies, the noncon-
trast interpretations were compared with the correlating postcon-
trast studies to confirm the presence or absence of a lesion. The
greatest lesion diameter in either the transverse, anteroposterior,
or craniocaudal dimension was measured on contrast-enhanced
MR imaging as part of the inclusion criteria.

All MRIs were performed on a 1.5T or 3T MR imaging scan-
ner. With a few exceptions, all axial 3D CISS sequences were per-
formed with the following parameters: TR, 5.91-7.85; TE, 2.96—
3.93; averages, 1-2; flip angle, 37°-80°; and voxel size, 0.3 X 0.3 X
0.8 mm or larger. With a few exceptions, coronal 3D T2 sequences
were performed with the following parameters: TR, 750; TE, 110—
15; averages, 1; flip angle, 170° and voxel size, 0.3 X 0.3 X 1.24

Table 1: Diagnostic data for observer 1
Axial CISS Coronal T2WI CISS + T2WI

Accuracy 0.94 0.94 0.97
Specificity  0.96(0.85-0.99) 0.96 (0.85-0.99)  0.96 (0.85-0.99)
Sensitivity ~ 0.91(0.70-0.98)  0.91(0.70-0.94)  1.00 (0.82-1.00)

Note:—All data are percentage (95% Cl).

Table 2: Diagnostic data for observer 2

Axial CISS Coronal T2WI CISS + T2WI
Accuracy 0.94 0.99 0.99
Specificity  0.92(0.80-0.97)  1.00(0.94-1.00)  0.98 (0.88-1.00)
Sensitivity ~ 1.00(0.82-1.00)  0.96 (0.76-1.00)  1.00 (0.82-1.00)

Note:—All data are percentage (95% Cl).

mm or larger. The standard body coil was used to transmit radio-
frequency pulses, and a 16-channel head coil was used to receive
signal in all patients. In general, the axial 3D CISS sequence was 2
minutes 45 seconds to 4 minutes 30 seconds in acquisition time
and the coronal 3D T2 sequence was 4 minutes 35 seconds to 4
minutes 59 seconds in acquisition time. Including the 3 plane
localizers, the average total scan time was 10 minutes 2 seconds to
10 minutes 43 seconds.

Statistical analysis included assessment of sensitivity, specific-
ity, and accuracy of the axial CISS sequence only, the coronal T2
sequence only, and both sequences together, using the T1 post-
gadolinium correlating studies as a “gold standard.” Inter-
observer agreement was assessed with k coefficient analysis.

RESULTS
Of 865 screening IAC examinations performed between February
2006 and April 2013, 36 cases had both the screening MR imaging
and the postcontrast MR imaging that met the inclusion criteria.
These included 23 patients with radiologically identified IAC le-
sions measuring =10 mm in greatest diameter and 13 control
patients without lesions on contrast-enhanced T1-weighted MR
imaging. Thus, a total of 72 TACs were included: 23 with a lesion
and 49 without pathology. The ages of patients with an IAC lesion
ranged from 29 to 81 years (median 65 years); 12 patients were
women and 11 were men. The patients without pathology were
considered the control group and ranged in age from 36 to 85
years (median 53 years). Six were women and 7 were men.
Fourteen lesions were intracanalicular and 9 were fundal in
location. The lesion size ranged from 2 to 10 mm in greatest di-
ameter, the mean greatest diameter was 4.7 mm, and the median
greatest diameter was 4 mm. Four of 23 lesions were resected.
Three were vestibular schwannomas, and 1 was a ganglioneu-
roma. One lesion was treated with radiation therapy, and the oth-
ers were followed and thus had no histologic evaluation.
Accuracy, specificity, and sensitivity were calculated for both
observers using the axial CISS alone, coronal T2WT alone, and
both sequences together, and are detailed in Tables 1 and 2. Ob-
server 1 achieved less than 100% sensitivity with either sequence
alone, but did achieve 100% sensitivity when evaluating the 2
sequences together. Observer 2 performed with 100% sensitivity
using the axial CISS sequence alone and with both sequences to-
gether. The 2 lesions undetected by observer 1 on the axial se-
quence alone were at the fundus of the IAC and measured 3 and 4
mm in maximum diameter. These lesions were more conspicuous
on the coronal sequences (Fig 1). On the coronal sequence alone,
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FIG1. A 29-year-old man with hearing loss on the right. A, Axial CISS
image shows subtle asymmetric hypointense signal within the fundus
of the right IAC (arrow), which could be dismissed as volume averag-
ing. B, Coronal T2WI better demonstrates the hypointense lesion (ar-
row) along the inferior right IAC fundus, which is confirmed to be a
4-mm enhancing mass (arrow) on postcontrast coronal TIWI (C).

observers 1 and 2 missed the same fundal IAC lesion and observer
1 missed an additional fundal lesion. These lesions were more
apparent on the axial sequences (Fig 2).

Observer 1 had 2 false-positives on the axial sequence and 2
false-positives on the coronal sequence, whereas observer 2 had 4
false-positives on the axial and 0 false-positives on the coronal
sequence. Using both sequences, observer 1 had 2 false-positives
and observer 2 had 1 false-positive, which was a different patient
from observer 1. On retrospective review, the 3 false-positives
generated on evaluation of both sequences were felt to be second-
ary to volume averaging from the adjacent wall of the IAC, band-
ing artifact on the axial CISS that was not resolved on the coronal
T2WI, and volume averaging from the anterior inferior cerebellar
artery within the IAC (Fig 3).

k coefficients for interobserver reliability were 0.84 for the
axial CISS alone and 0.90 for coronal T2WT alone. For both se-
quences together, the k coefficient was 0.91.

DISCUSSION
In this study, we showed that a 2-sequence screening MR imaging
protocol using axial CISS and coronal T2WT can reliably detect
IAC lesions with 100% sensitivity, high accuracy and specificity,
and excellent interobserver reliability. Screening diagnostic tools
are intended to have a high sensitivity. The high sensitivity, how-
ever, creates a small number of false-positives, which may neces-
sitate confirmatory imaging with contrast administration.

Early detection of vestibular schwannomas and other TAC le-
sions is important to reduce treatment morbidity because larger
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FIG 2. A 65-year-old woman who presented with left-sided hearing
loss. A, Coronal T2WI shows the intracanalicular bilateral vestibulo-
cochlear and facial nerves without associated lesion. B, Axial CISS
image demonstrates a hypointense lesion (arrow) to better advan-
tage located within the fundus of the left IAC. C, Postcontrast axial
TIWI confirms the enhancing 2-mm lesion (arrow).

tumors cause more treatment-related complications, particularly
with regard to facial nerve outcomes.® Early detection is particu-
larly important if surgery is attempted to preserve hearing; this is
because the size of the tumor correlates with hearing out-
comes.”'® As the trend moves to less audiometric testing and
more initial imaging evaluation, a smaller percentage of IAC
MRIs will be positive for vestibular schwannoma. While gadolin-
ium-enhanced MR imaging is considered a standard and em-
braced by many, in the era of rising health care costs, adoption of
a less expensive and less time intensive screening protocol is war-
ranted. This study proves that unenhanced MR imaging can de-
tect even small subcentimeter IAC lesions, which have been con-
sidered by many to require gadolinium administration for
detection.

The measure of a screening examination is its ability to detect
mild or early forms of disease, which for this study translates into
recognition of very small IAC lesions. In the late 1990s and early
2000s, at least 8 studies>**!'"!% evaluated the diagnostic value of
unenhanced fluid-sensitive MR imaging sequences (T2WIT or
CISS) for the evaluation of TAC lesions. Five of those studies re-
ported the number of lesions measuring =10 mm.*>"""'* Of the 5,
2 had 100% sensitivity using axial 2D fast spin-echo T2WT alone
and axial 3D fast asymmetric spin-echo T2WT alone and included
10 and 11 patients, respectively.'>'* Of the remaining 3 studies,
Allen et al® included 12 small lesions, in which 2 lesions (measur-
ing less than 4 mm) were missed by 2 of 4 observers in small
internal auditory canals using axial and coronal T2 fast spin-echo
with voxel size of approximately 0.3 X 0.4 X 3 mm. Stuckey etal'’
evaluated 4 lesions measuring =10 mm in which a 4-mm IAC



FIG 3. A 71-year-old man with vertigo. A, Axial CISS image demon-
strates a hypointense focus surrounded by a loop of the anterior
inferior cerebellar artery, which was thought to represent a small IAC
lesion. B, Coronal T2WI shows the same hypointense focus. C, Post-
contrast axial TIWI shows no enhancing lesion, indicating that the
hypointense focus on the screening study was volume averaging re-
lated to the adjacent artery.

lesion was undetected by 1 of 2 observers on axial 3D CISS with
voxel size of approximately 0.7 mm isotropic. Hermans et al'’
imaged 9 small lesions in which a 3-mm IAC lesion was missed by
both observers, and a 6-mm intralabyrinthine lesion was missed
by 1 observer usinga 0.7 X 0.7 X 3.0 mm axial 3D CISS sequence.

Comparing our data to prior studies supports a diagnostic
benefit of the 2 plane, 2-sequence screening protocol using coro-
nal T2WI and axial CISS. Two planes mitigate the effects of arti-
fact from volume averaging, which can be especially limiting in
small TACs. In the Hermans et al'? study, both observers attrib-
uted misses and uncertainty primarily to volume averaging, but
also to artifacts and suboptimal techniques. In the Allen et al®
publication, 2 lesions measuring 2 and 3 mm in maximum diam-
eter were missed likely because of volume averaging because they
were specifically noted to be found in small IACs.®

Another advantage of the 2-sequence protocol is the benefit of
superior contrast-to-noise ratio provided by CISS imaging in ad-
dition to having the T2 sequence to mitigate the banding artifact,
which may limit balanced steady-state free precession sequences
such as CISS. The 3D CISS imaging has twice the contrast-to-
noise ratio for the intracanalicular nerves and CSF compared with
the 3D fast recovery fast spin-echo T2WTI sequence,” which is
likely why it has replaced T2WI for evaluation of the IACs in many
institutions. However, CISS sequences are limited by banding ar-
tifact resulting from magnetic field inhomogeneity,'® which can
lead to the appearance of pseudolesions in the evaluation of the

TACs. T2WI can be used to confirm or exclude suspected lesions
on CISS that may be artifactual.

Unenhanced screening sequences provide significant cost and
time savings compared with gadolinium-enhanced IAC MR im-
aging. The institutional charge of our screening IAC protocol is
$850 less than our contrast-enhanced IAC MR imaging protocol,
which is due to a lack of gadolinium contrast, reduced scan time,
and reduced professional fee. The screening protocol takes ap-
proximately 11 minutes versus 30 minutes for the contrast-en-
hanced examination. Over 1 year from April 2012 to April 2013,
127 screening IAC studies were performed for asymmetric hear-
ing loss at our institution. Of those, 101 were normal, 20 were
performed to follow already diagnosed IAC or intralabyrinthine
lesions, 5 had incidental lesions unrelated to hearing symptoms,
and 1 study had an IAClesion that will be further characterized by
a contrast-enhanced MR imaging. Using the screening protocol
rather than the contrast-enhanced IAC protocol over that year, we
saved at least $107,100 (126 X $850), which is a slight overesti-
mate because it does not account for the redundant screening
examination performed on the 1 patient with an IAC lesion.
Three studies®'”>'® demonstrated similar cost saving per exami-
nation with the difference in unenhanced and enhanced protocols
equaling $550—$800. MR imaging time savings over that same
year equal approximately 2394 minutes (126 X 19 minutes) or
99.75 hours of MR imaging scan time.

A 2009 meta-analysis® supported by the United Kingdom Na-
tional Institute for Health Research reviewed over 11 studies from
1996 to 2001 assessing the diagnostic accuracy and cost-effective-
ness of noncontrast T2 or T2* sequences in the identification of
vestibular schwannoma. Fortnum et al® found that fluid-sensitive
sequences have pooled sensitivities ranging from 96%-98% for
detection of IAC lesions measuring 2 mm to >20 mm in diame-
ter. They concluded that noncontrast fluid-sensitive MR imaging
sequences allow for accurate evaluation of the facial and vestibu-
locochlear nerves within the cerebellopontine angle and IAC, and
that including contrast-enhanced sequences is less cost effective
and not likely to add information that would change management
in a screening population.

While unenhanced screening MR imaging is sufficient to ex-
clude lesions of the TAC, noncontrast-enhanced MR imaging
could potentially miss some pathology of the IAC or labyrinth
that would be detected with contrast. As Jackler'® addressed in his
response to the screening studies published in the late 1990s, non-
contrast screening MR imaging may not reliably detect labyrin-
thitis, vestibular neuritis, sarcoidosis, or leptomeningeal metasta-
ses. In the case of the first 2 diagnoses, however, treatment is based
on clinical symptoms, not radiologic appearance. For patients
who present with symptoms of acute vertigo with or without sud-
den sensorineural hearing loss, the optimal treatment will be a
short course of high-dose steroids, regardless of the imaging find-
ings.”>*" In the setting of suspected sarcoidosis or primary malig-
nancy, a contrast-enhanced examination is warranted rather than
a screening examination. Furthermore, sarcoidosis or leptomen-
ingeal metastases rarely present as isolated sensorineural hearing
loss. Clinical judgment on the part of the ordering clinician is still
required to select the best examination and to determine when a
screening scan is appropriate. The unenhanced screening MR im-
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aging protocol is meant for patients with audiovestibular symp-
toms without other comorbidities that might affect the IAC or
inner ear.

Limitations of this study include its small sample size, few
controls, retrospective nature, and lack of pathologic confirma-
tion in most cases. The small sample size was unavoidable given
the rare incidence of TAC lesions in the population, especially
lesions measuring =10 mm in diameter. Similarly, a prospective
study of this sample size would be difficult given the time neces-
sary to recruit patients with such a rare lesion. Few controls were
available because the unenhanced screening examination was al-
most exclusively used during the surveyed time span. Patients
who had a normal noncontrast screening examination rarely un-
derwent a “gold standard” contrast-enhanced examination and
vice versa. Pathologic confirmation could not be obtained in most
of the cases because the lesions were small enough and lacking in
symptoms to permit follow-up rather than surgery.

Lastly, it could be argued that similar sensitivity data would
not be achieved with general radiologists as observers rather than
experienced neuroradiologists. We contend that although there
may be a brief learning curve, a general radiologist can just as
easily trace unaffected vestibulocochlear nerves or detect an
asymmetric hypointense mass on a background of hyperintense
CSF in the IAC as a Certificate of Added Qualification—holding
neuroradiologist.

CONCLUSIONS

Screening MR imaging using a combination of unenhanced axial
CISS and coronal T2WT sequences can reliably detect small (=10
mm) TAC schwannomas with 100% sensitivity and excellent in-
terobserver reliability. The high sensitivity creates a small number
of false-positives, which may necessitate confirmatory imaging
with contrast administration. Fundal lesions may be missed on an
axial or coronal sequence alone because of volume averaging.
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Transorbital Sonography in Acute Optic Neuritis:

A Case-Control Study

P. Lochner, R. Cantello, F. Brigo, L. Coppo, R. Nardone, F. Tezzon, O. Raymkulova, G. Strigaro, C. Comi, and M.A. Leone

ABSTRACT

BACKGROUND AND PURPOSE: Acute unilateral optic neuritis is associated with a thickening of the retrobulbar portion of the optic
nerve as revealed by transorbital sonography, but no comparison has been made between nerve sheath diameter and optic nerve diameter
in patients with acute optic neuritis versus healthy controls. We evaluated optic nerve sheath diameter and optic nerve diameter in
patients with acute optic neuritis and healthy controls and compared optic nerve sheath diameter and optic nerve diameter with
visual-evoked potentials in patients.

MATERIALS AND METHODS: A case-control study was performed in 2 centers. Twenty-one consecutive patients with onset of visual loss
during the prior 10 days and established acute noncompressive unilateral optic neuritis were compared with 21 healthy controls, matched
for sex and age (%5 years). Two experienced vascular sonographers performed the study by using B-mode transorbital sonography.
Visual-evoked potentials were performed on the same day as the transorbital sonography and were evaluated by an expert neurophysi-
ologist. Sonographers and the neurophysiologist were blinded to the status of the patient or control and to clinical information, including
the side of the affected eye.

RESULTS: The median optic nerve sheath diameter was thicker on the affected side (6.3 mm,; interquartile range, 5.9—-7.2 mm) compared
with the nonaffected side (5.5 mm; interquartile range, 5.1-6.2 mm; P < .0001) and controls (5.2 mm; interquartile range, 4.8-5.5 mm; P <
.0001). The median optic nerve diameter was 3.0 mm (range, 2.8—3.1 mm) on the affected side and 2.9 mm (range, 2.8—3.1 mm) on the
nonaffected side (P = not significant.). Both sides were thicker than those in controls (2.7 mm; interquartile range, 2.5-2.8 mm; P = .001and
.009). No correlation was found between optic nerve sheath diameter and optic nerve diameter and amplitude and latency of visual-
evoked potentials in patients with optic neuritis.

CONCLUSIONS: Transorbital sonography is a promising tool to support the clinical diagnosis of acute optic neuritis. Further studies are
needed to define its specific role in the diagnosis and follow-up of optic neuritis.

ABBREVIATIONS: ON = optic neuritis; OND = optic nerve diameter; ONSD = optic nerve sheath diameter; TOS = transorbital sonography; VEP = visual-evoked

potentials

ptic neuritis (ON) is an acute inflammation of the optic
nerve that may cause a complete or partial loss of vision. The
classic triad for its clinical diagnosis is visual loss, periocular pain,
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and dyschromatopsia.' ON typically occurs in young adults with
an approximately 3:1 female-male ratio. ON is mostly idiopathic
but may be associated with autoimmune disorders and infectious,
inflammatory, and demyelinating diseases, especially multiple
sclerosis. It is diagnosed through a complete ophthalmologic and
neurologic evaluation and a prolonged latency of the visual-
evoked potentials (VEP). MR imaging with gadolinium is valu-
able for differential diagnosis.”

Previous studies have shown that transorbital sonography
(TOS) reliably investigates the optic nerve owing to its low reflec-
tivity and the high reflectivity of the perineural sheath and orbital
fat.> TOS has been recognized as an accurate, noninvasive method
to identify papilledema.*” Some TOS studies have shown that the
optic nerve may be enlarged in acute ON,°*! though the validity
of this technique for the diagnosis of ON has not yet been recog-
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FIG 1. Transorbital sonography in optic neuritis. A—C, Sonographic examinations of the eye are performed in B-mode imaging in a control
subject. A, Optic nerve sheath diameter in the control eye is 3 mm behind the papilla (7) (dotted arrow) in an axial plane showing the optic nerve
(2) in its longitudinal course. The dotted arrow (3) denotes the ONSD. B, B-scan shows an optic neuritis increase of ONSD (left, 6.8 mm). C, In
patients with optic neuritis with disc swelling, optic disc elevation is gauged between the fundus and the dome of the papilla.

nized."> No sonographic data are available to distinguish enlarge-
ment of the nerve itself from that of its sheath, though an enlarge-
ment of the sheath in acute ON has been described with MR
imaging."?

Previous studies did demonstrate good accuracy and reliabil-
ity of sonographic quantification of optic nerve sheath diameter
(ONSD)."**>

The primary aim of this study was to use TOS to assess enlarge-
ment of the optic nerve and its sheath in acute ON by measuring
optic nerve diameter (OND) and ONSD. The second aim was to
identify whether OND and ONSD values were associated with any
VEP abnormalities in cases of acute ON.

MATERIALS AND METHODS

Patients

All consecutive patients presenting to the Neurology Outpatient
Clinics of the Novara and Merano Hospitals between December
2012 and October 2013 with a diagnosis of the first acute episode
of demyelinating unilateral ON were invited to enter the study.
The study was approved by the local ethics committees and was
performed in accordance with the Declaration of Helsinki. Writ-
ten informed consent was obtained from all persons before enter-
ing the study.

All patients underwent neurologic and ophthalmologic exam-
inations, including visual acuity assessment, direct ophthalmos-
copy, and laboratory examinations, including vasculitis screening
and antineuromyelitis optica antibodies. MR imaging was per-
formed to exclude other causes of ON or compressive lesions.
Inclusion criteria were 1850 years of age, visual loss with onset
<10 days before the visit, and diagnosis of ON according to the
Optic Neuritis Study Group.'® Exclusion criteria were bilateral or
recurrent ON, suspected ischemic optic neuropathy, recent ste-
roid treatment, and recent lumbar puncture.

Controls were 21 healthy volunteers, matched to patients by
sex and age (=5 years) and selected among students, university
personnel, relatives of patients admitted to the hospital, and their
friends. Controls were examined to exclude a diagnosis of MS,
ON, or other neurologic diseases; those with a relative affected by
MS were excluded.

Patients and controls with a history of any major systemic
diseases, including cardiovascular disease, arterial hypertension,
hyperlipidemia, or diabetes, and pregnant or breast-feeding
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women were excluded. The interval from the onset of symptoms
was calculated from the first day the patient experienced visual
loss or retro-orbital pain to the date of TOS.

Procedure

TOS was performed in patients and age- and sex-matched con-
trols by 2 expert sonographers (P.L. and L.C.). VEP were per-
formed only in patients, to avoid discomfort due to needle elec-
trode placement in healthy controls, and were evaluated by an
expert neurophysiologist (G.S.). TOS and VEP were always per-
formed on the same day and before the onset of steroid treatment.
Operators were unaware of the side involved (sonographers, VEP
technicians, neurophysiologist) and of the condition of patients
or controls (sonographers). To ensure blinding, we asked patients
and healthy controls not to reveal their affected side (or their
status) during examinations, and they were always placed on the
tilt table before the arrival of the sonographer.

Transorbital Sonography

TOS was performed in B-mode by using a Vivid 7 sonography
system with a 7- to 11-MHz linear array transducer (GE Health-
care, Milwaukee, Wisconsin) and an Aplio XG equipped with a 4-
to 11-MHz 5 S1 Linear Probe (Toshiba Medical Systems, Nasu,
Japan). A procedure described previously in the literature was
used."®'” Subjects were examined in the supine position with the
upper part of the body and the head elevated to 20°-30° to avoid
any pressure on the eye and were asked to keep their eyes in a
midposition and to suppress eye movements.

For safety reasons due to possible biomechanical side effects,
the mechanical index was reduced to 0.2. The probe was placed on
the temporal part of the closed upper eyelid by using a thick layer
of sonography gel. The anterior part of the optic nerve was de-
picted in an axial plane showing the papilla and the optic nerve in
its longitudinal course. ONSD and OND were assessed 3 mm
behind the papilla. To measure the ONSD, we quantified the dis-
tance between the external borders of the hyperechogenic area
surrounding the optic nerve. We measured the OND, marking the
internal borders of this formation (Fig 1). To minimize intraob-
server variability, we examined each bulb 3 times and calculated
the means. Sonography was also used to evaluate the presence of
papilledema.*” The presence of papilledema, evaluated by assess-
ing optic disc elevation, was measured between the fundus and the



Clinical and sonographic features of patients with optic neuritis and healthy control subjects

Characteristic ON Controls® P Value® ON-MS Isolated ON P Value®

No. of patients 21 21 1 10
Age (mean) (SD) (yr) 303,107 342,87 NS 269,95 340,101 NS
Time to US examination: (median) (IQR) (days) 5,37 7,3-10 4,3-7 NS
BMI (mean) (SD) (Kg/m?) 24.6,4.8 23.6,4. NS
Optic nerve sheath diameter (mm)®

Affected eye (median) (IQR) 6.3,5.9-7.2 5.2,4.8-5.5 <.0001 6.2,5.8-7.8 6.3,5.9-7.0 NS

Fellow eye (median) (IQR) 5.5,5.1-6.2 NS 5.5,5.0-6.2 5.6,5.1-6.4 NS
Optic nerve diameter (mm)®

Affected eye (median) (IQR) 3.0,2.8-3.2 2.7,2.5-2.8 .001 2.9,2.8-3.0 3.1,2.8-3.2 NS

Fellow eye (median) (IQR) 2.9,2.8-31 .009 29,2729 3.0,2.8-3.2 NS
VEP amplitude (V)

Affected eye (median) (IQR) 5.2,2.2-12.2 71,22-122 40,2.6-93 NS

Fellow eye (median) (IQR) 8.4,3.2-11.5 45,28-87 1.1,9.1-15.1 NS
VEP latency (ms)

Affected eye (median) (IQR) 124, 115139 19, 115128 134, 119142 NS

Fellow eye (median) (IQR) 107,103-114 104,103-114 108,106-113 NS

Note:—IQR indicates interquartile range; ON-MS, optic neuritis in patients with prior relapses of multiple sclerosis; US, ultrasound; BMI, body mass index; NS, not significant.
The average value between the right and left eye was used as a measure of OND and ONSD in healthy controls.

® Level of significance at .01, according to the Bonferroni correction for multiple comparisons.

< Level of significance at .006, according to the Bonferroni correction for multiple comparisons.

9 The comparison of the affected and fellow eye was significant (P < .0001) in all ON, ON-MS, and isolated ON.

€ The comparison of the affected and fellow eye was not significant in all ON, ON-MS, and isolated ON.

dome of the papilla (Fig 1). Agreement between the 2 sono-
graphers was preliminarily assessed for ONSD and OND by using
the same device in 9 healthy subjects (see “Statistical Evaluation”).

Pattern-Reversal Visual-Evoked Potentials

Standard pattern-reversal VEP were performed according to re-
cent guidelines'” with 4-channel equipment (Medtronic Key-
point, Denmark). The visual stimulus was a black-and-white pat-
tern checkerboard (24 X 32) with 90% contrast, generated on an
LED monitor (17-inch, high-resolution display; Acer, New Taipei
City, Taiwan), with stimulus frequency, 2 Hz; observation dis-
tance, 100 cm. Patients were preadapted to the room lighting, and
all recordings were performed under dim room lights. Patients
were instructed to fix on the red point in the center of the screen
with their best refractive correction during the monocular stim-
ulation. The recording electrode was placed on Oz, the reference
electrode was placed on Cz, and the ground electrode, on Fz ac-
cording to the International 10-20 System. The impedance was
kept below 3 k() on all electrodes. Signals were amplified and
filtered with a bandpass filter from 0.2 to 3 kHz. One hundred
responses were averaged for each side. Latencies of the N75, P100,
and N145 waves and amplitude of the N75-P100 complex were
analyzed.

Statistical Evaluation
If one assumed a median ONSD in controls of 5.0 mm, the sample
needed to detect a mean difference of 1 mm was 10 patientsand 10
controls with an « error of .05 and a 8 error of 0.20. Continuous
variables were described by their median with the interquartile
range. Comparisons between groups were assessed by using para-
metric (Student ¢ test) and nonparametric methods (Wilcoxon
test, Fisher exact test, and Spearman correlation) when appropri-
ate (deviation from normal distribution according to the Shapiro-
Wilk test). In view of the large number of comparisons, the Bon-
ferroni correction for statistical significance was used.
Interobserver agreement between the ONSD and OND evalu-

ations made by the 2 sonographers was preliminarily assessed
with intraclass correlation coefficients.

RESULTS

We analyzed 21 patients with a first episode of ON, 17 women and
4 men;avisualloss >3/10 was present in 18 (85.7%). The right eye
was affected in 16, and the left, in 5. Eleven patients had prior MS
relapses (ON-MS), though never involving ON, and 10 had iso-
lated ON. We enrolled 21 healthy controls. Mean age and body
mass index were not different between patients and controls
(Table). The Table reports clinical features and ONSD and OND
values of patients and controls. Interobserver agreement was high
for both ONSD (intraclass correlation coefficient, 0.98; 95% CI,
0.93-1.00) and OND (intraclass correlation coefficient, 0.98; 95%
CI, 0.92-1.00). The main finding of our study was the statistically
significant thickening of the ONSD on the affected side (intraclass
correlation coefficient, 6.3 mm; 95% CI, 5.9-7.2 mm) compared
with the nonaffected side (intraclass correlation coefficient, 5.5
mm; 95% CI, 5.1-6.2 mm; P < .0001) between patients and con-
trols (Table). The median OND in the affected side (3.0 mm;
range, 2.8 3.1 mm) was similar to that in the nonaffected side (2.9
mm; range, 2.8-3.1 mm) (P = not significant). Both sides were
thicker than those in controls (median, 2.7 mm; range, 2.5-2.8
mm; P = .001 and .009). The OND and ONSD were strictly cor-
related both in healthy controls (r = 0.63, P = .002) and the
nonaffected eye (r = 0.45, P = .039) but not in the affected eye
(r=—0.15,P = .51).

Among controls, the ONSD or OND was similar in men and
women. The median ONSD was 4.8 mm (interquartile range =
4.8-5.3 mm) in men and 5.3 mm (interquartile range = 4.8-5.6
mm) in women (P = .16); the median OND was 2.5 mm (inter-
quartile range = 2.3-2.8 mm) in men and 2.7 mm (interquartile
range = 2.5-2.9 mm) in women (P = .17). Neither ONSD (r =
0.37) nor OND (r = 0.13) was correlated with age (P = not
significant).
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FIG 2. Optic nerve sheath diameter and delay from symptom onset. Correlation between the
delay of the transorbital sonography examination (days from symptom onset) and optic nerve

sheath diameter in the affected eye (r = —0.42, P = .06).

We did not find any significant difference between the ONSD
and OND in patients with ON-MS and in those with isolated ON
(Table).

An almost significant inverse correlation between the delay of
TOS examination and ONSD diameter in the affected eye was
found, suggesting that the earlier the examination, the larger
was the diameter (r = —0.42, P = .06) (Fig 2). No correlation was
found between delay and OND (r = —0.11, P = .62).

TOS revealed papilledema in 9 patients (43%), 8 on the right
side, and in none of the controls. There was no statistical differ-
ence between patients with and without this elevation in terms of
age, body mass index, ONSD, OND, VEP latency, and VEP am-
plitude (data not shown).

No correlation (P = not significant) was found between the
ONSD and either latency or amplitude of VEP both in the affected
(latency, r = —0.01; amplitude, r = 0.07) and the fellow eye (la-
tency, r = 0.05; amplitude, r = 0.09). No correlation (P = not
significant) was found between the OND and either latency or
amplitude of VEP both in the affected (r = 0.22; —0.16, respec-
tively) and the fellow eye (r = 0.23; 0.31, respectively).

DISCUSSION

Our study is the first to report transorbital sonographic measure-
ment of both the ONSD and OND in patients with acute ON.
Patients with ON had significantly increased ONSD values in the
affected eye compared with the other eye and with values in age-
matched controls. The thickening of the perineural space sur-
rounding the optic nerve is probably related to inflammation of
the optic nerve, resulting in an increase of the perineural sub-
arachnoid fluid or edema caused by an impairment of axoplasmic
flow, depending on the acute demyelinating plaque. Most inter-
esting, it has been reported that narrowed optic canals, occurring
for instance in osteopetrosis, may lead to compressive optic neu-
ropathy."®!? It is, therefore, possible that within the anatomic
variability among different subjects, a tendency toward reduced
diameter of the optic canals may lead to a further increase in
perineural subarachnoid fluid and edema, with subsequent wors-
ening of visual dysfunction. Our results, therefore, suggest that
ONSD has a high sensitivity for the diagnosis of acute ON. Our
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study was not designed to assess the
specificity and predictive value of
ONSD, which would require a larger
sample size and controls with different
diseases and different settings. Most in-
teresting, although our patient popula-
tion is not different from that in previ-
ous studies,'" the mean ONSD was
slightly higher and corresponded to the
ONSD values of patients with either
chronically* (6.4 mm) or acutely ele-
vated intracranial pressure (6.2 mm).>°
We believe that this discrepancy could
be explained by a different resolution
of the sonography system, different
probes, or by variability in the evalua-
tion of sonographic anatomy and time
of insonation. We also found that the
sooner TOS is performed after symptom
onset, the higher is the probability of detecting an increased
ONSD. This observation supports the planning of further studies
aiming to evaluate TOS for monitoring the evolution of
inflammation.

The measurement of optic disc elevation is useful for detecting
the presence of disc swelling (papilledema). Papilledema results
from transmission of increased intracranial pressure to the sub-
arachnoid space of the optic nerve, with compression of the nerve,
stasis of axonal transport, and subsequent swelling of the optic
nerve axons, particularly in patients with a narrow optic canal.*!
In our study, we found a percentage of papilledema (45%) higher
than that in previous studies (ranging from 6% to 37%).6"%'°

Although the OND in the affected eye was not thicker than
that in the contralateral eye, both were slightly thicker than that in
matched controls. We have no clear explanation for this finding.
Such a difference may be due to chance alone, or it may suggest a
subclinical involvement of the fellow nerve. We did not find any
correlation between TOS and VEP measures, though VEP were
performed only in patients. VEP specifically evaluate the conduc-
tion time of the visual pathways, including the optic nerve tract: A
slow conduction time (ie, prolonged latency of P100) is primarily
due to a demyelinating process affecting the optic nerve. TOS
instead evaluates the optic nerve and a different structure, its
perineural space. Thus, these 2 techniques provide different,
though complementary, information on the pathophysiology of
ON.

This study is limited by the relatively small number of patients,
the impossibility of obtaining a complete blinding of the clinical
status of the patients, and the VEP performed only in patients.
This study has several strengths, however, because we always per-
formed sonographic assessments before starting steroid therapy
and close to the onset of symptoms, and examiners were blinded
to both clinical diagnosis and the side of ON. Furthermore, pre-
liminary assessment of interobserver agreement between the
ONSD and OND evaluations made by the 2 sonographers was
high and similar to that found in a previous study by Bauerle et
al'* (r = 0.92-0.97). These findings indicate that sonographic



ONSD quantification can be performed with good accuracy and
reliability.

CONCLUSIONS

ONSD measured by TOS is a noninvasive, inexpensive, and easy
procedure, which may represent a promising tool to support and
confirm the clinical diagnosis of acute ON, even if it can only
examine the anterior portion of the optic nerve. Further investi-
gations with larger sample sizes and longitudinal studies are re-
quired to confirm our results.
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Low-Tube-Voltage 80-kVp Neck CT: Evaluation of Diagnostic
Accuracy and Interobserver Agreement
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ABSTRACT

R.W. Bauer, T. Lehnert, TJ. Vogl, and B. Schulz

BACKGROUND AND PURPOSE: Low-tube-voltage acquisition has been shown to facilitate substantial dose savings for neck CT with
similar image contrast compared with standard 120-kVp acquisition. However, its potential for the detection of neck pathologies is

uncertain. Our aim was to evaluate the effects of low-tube-voltage 80-kV(peak) acquisitions for neck CT on diagnostic accuracy and

interobserver agreement.

MATERIALS AND METHODS: Three radiologists individually analyzed 80-kVp and linearly blended 120-kVp image series of 170 patients
with a variety of pathologies who underwent dual-energy neck CT. Reviewers were unblinded to the clinical indication for CT but were

otherwise blinded to any other data or images and were asked to state a final main diagnosis. Findings were compared with medical record

charts, CT reports, and pathology results. Sensitivity, specificity, positive predictive value, and negative predictive value were calculated

for each observer. Interobserver agreement was evaluated by using intraclass correlation coefficients.

RESULTS: Diagnoses were grouped as squamous cell carcinoma-related (n = 107, presence/absence of primary/recurrent squamous cell

carcinoma), lymphoma-related (n = 40, presence/absence of primary/recurrent lymphoma), and benign (n = 23, eg, abscess). Cumulative

sensitivity, specificity, positive predictive value, and negative predictive value for 80-kVp and blended 120-kVp images were 94.8%, 93.0%,

95.9%, and 91.1%, respectively. Results were also consistently high for squamous cell carcinoma-related (94.8%/95.3%, 89.1%/89.1%,
94.3%/94.4%, 90.1%/91.0%) and lymphoma-related (95.0%, 100.0%, 100.0%, 95.2%) 80-kVp/120-kVp image series. Global interobserver
agreement was almost perfect (intraclass correlation coefficient, 0.82, 0.80; 95% Cl, 0.76 —0.74, 0.86 — 0.85). Calculated dose-length product

was reduced by 48% with 80-kVp acquisitions compared with the standard 120-kVp scans (135.5 versus 282.2 mGy X cm).

CONCLUSIONS: Low-tube-voltage 80-kVp CT of the neck provides sufficient image quality with high diagnostic accuracy in routine

clinical practice and has the potential to substantially decrease radiation exposure.

ABBREVIATIONS: CTDI,, = volume CT dose index; DECT = dual-energy CT; DLP = dose-length product; ICC = intraclass correlation coefficient; NPV = negative
predictive value; PPV = positive predictive value; SCC = squamous cell carcinoma

T is a standard imaging technique in routine clinical practice

for detection, staging, and follow-up evaluation of various
pathologies of the neck, including squamous cell carcinoma
(SCC), cervical lymphoma or lymphadenopathy, and parapha-
ryngeal or retropharyngeal abscess.' > CT examinations contrib-
ute a substantial amount of cumulative radiation exposure to pa-
tients with cervical pathologies, especially if follow-up CT is
required.® Thus, various approaches for dose reduction of CT of
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the neck, brain, paranasal sinus, and the facial skeleton have been
proposed, including reduction of tube current and tube potential,
high-pitch acquisition, and application of automated exposure-
control software.””'® The combination of such techniques with an
iterative reconstruction algorithm can also provide similar image
quality while substantially reducing exposure to ionizing radia-
tion compared with the standard 120-kVp acquisitions.'""?
Several studies have demonstrated that low-tube-voltage ac-
quisitions at 80 kVp can increase iodine attenuation and image
contrast of soft-tissue structures and reduce radiation expo-
sure.">”'> However, only a few studies have investigated low-tube-
voltage acquisition CT techniques for imaging of the neck.'®'®
We hypothesized that an 80-kVp acquisition may provide com-
parable image quality for evaluation of the neck region. To eval-
uate the efficacy of this technique in simulated routine clinical
practice, we retrospectively assessed the diagnostic accuracy of



low-tube-voltage 80-kVp image series from dual-energy neck CT
(DECT) for evaluation of a variety of cervical pathologies, and the
results were compared with linearly blended images representing
a standard 120-kVp acquisition. We also assessed interobserver
agreement and calculated the potential radiation dose reduction.

MATERIALS AND METHODS

Patient Selection and Study Design

This retrospective study was approved by the ethics committee of
our hospital, and written informed consent was waived. Of 404
clinically indicated neck DECT examinations performed between
February 2010 and November 2010 at our institution, we in-
cluded 170 consecutive examinations. During that timeframe,
neck CT examinations were performed by using 2 different CT
systems at our facility; only the patients scanned by using the
dual-source system capable of DECT mode were included in this
study. However, assignment to either scanner was completely
random on the basis of available timeslots and was not influenced
for research purposes.

Contraindications for DECT imaging were known allergies to
iodinated contrast material, pregnancy, and impaired renal func-
tion (estimated glomerular filtration rate below 40 mL/min). Ex-
clusion criteria for this study were age younger than 18 years (n =
15), noncontrast studies (n = 4), CT angiography examinations
(n = 26), and severe motion (n = 21) or metal artifacts (n = 49)
in case-relevant anatomic regions. Furthermore, to retain study
group homogeneity, we excluded patients referred for evaluation
of cervical metastasis from distal neoplasms (n = 6). In case a
patient underwent multiple DECT examinations during this
timeframe, we included only the first examination and excluded
subsequent studies (n = 113).

To simulate routine clinical practice, we aggregated 3 main
groups of indications for imaging: SCC-related (group 1, n =
107), lymphoma-related (group 2, n = 40), and benign condi-
tions (group 3, n = 23). Groups 1 and 2 included CT examina-
tions for the primary staging of known malignancy, detection of
suspected malignancy, and follow-up CT to rule out recurrence.
Patients with follow-up DECT were only included if the prior
non-DECT scan did not show a recurrent SCC or pathologically
enlarged lymph nodes in patients with known lymphoma to avoid
miscategorizing patients with tumor remnants as having recur-
rent tumors. Group 3 consisted of patients referred for detection
or evaluation of suspected benign conditions (eg, para-/retropha-
ryngeal abscess, sialadenitis with possible sialolithiasis, Warthin
tumor). A detailed list of indications for CT is summarized in
Table 1.

The criterion standard in this study for comparison of ob-
server results was based on the combination of the electronic
medical records, results from histopathology, and the original CT
imaging report, ranked in that order. However, because the orig-
inal CT imaging reports of the evaluated scans may have resulted
in false-positive or false-negative findings, especially in initial and
follow-up examinations of patients with SCC, we ranked the final
clinical diagnosis first because it also included clinical knowledge
from physical examinations and biopsy; correlation with clinical
diagnosis is especially important in SCC of the oral cavity, for
example, which may be missed on neck CT. Thus, a final diagnosis

Table 1: Indications for neck CT imaging (n = 170)

Indication No.
Squamous cell carcinoma 107
Primary staging or detection of suspected squamous 66
cell carcinoma
Follow-up to detect tumor recurrence 41
Lymphoma 40
Primary staging or detection of suspected lymphoma 19
Follow-up to detect lymphoma recurrence 21
Benign conditions 23
Suspected benign cervical mass (eg, Warthin 5
tumor, adenoma)
Suspected cervical abscess 13
Suspected sialadenitis 3
Suspected branchial cleft cyst 2

of recurrent head-neck SCC based on histopathologic findings
overruled a false-negative or uncertain finding in the original CT
imaging report.

DECT Protocol

All CT examinations in this study were performed by using a
second-generation 128-section dual-source CT in dual-energy
mode (Somatom Definition Flash; Siemens, Erlangen, Germany).
Both x-ray tubes were operated at a different tube potential. Ex-
amination parameters were as follows: tube A: 80 kVp, reference
current-time product of 302 mAs per rotation; tube B: Sn140 kVp
with a tin filter; 151 mAs per rotation; rotation time, 0.5 seconds;
pitch, 0.9; collimation, 2 X 64 X 0.6 mm. Real-time automatic
milliampere-second-modulation software (CareDose4D; Sie-
mens) was used to regulate the tube current, depending on the
patient’s anatomy. Images were acquired in a craniocaudal direc-
tion in expiratory breath-hold with the patient in a supine posi-
tion. The scan range extended from the upper orbital rim to the
aortic arch. DECT imaging was initiated 70 seconds after the start
of intravenous administration of 100 mL of nonionic iodinated
contrast agent (iopamidol, Imeron 400; Bracco-Altana Pharma,
Konstanz, Germany) through an antecubital vein at a flow rate of
2mlL/s.

On the basis of the DECT raw data, the scanner automatically
reconstructed an image series with a standard linear blending set-
ting (M_0.3), merging 30% of the 80-kVp and 70% of the 140-
kVp data spectrum, representing a 120-kVp acquisition. All
images were reconstructed with a dedicated dual-energy medium-
soft convolution kernel (D30f) and a section thickness of 2.0 mm.
Evaluation of image series was limited to axial images, and mul-
tiplanar reformations were not assessed. Quantitative DECT data
were also not analyzed in this study.

Image Analysis

Initially only the 80-kVp image series was evaluated on a regular
PACS workstation by 3 radiologists with 7, 3, and 2 years of expe-
rience in neck CT, respectively. All image series were assessed in
random order. To avoid potential recall bias, readers were aware
of the indication for CT imaging but were blinded to any other
clinical information or auxiliary image series (ie, prior imaging
studies). Readers were allowed to scroll through the whole stack of
CT images. Window settings were automatically set to predeter-
mined standard values for evaluation of soft tissue (width, 400
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Hounsfield units; level, 80 Hounsfield units) but were freely ad-
justable. After a time interval of 12 weeks, all blended 120-kVp
images from these cases were evaluated by the same readers in the
same fashion and random order to allow an assessment of the
diagnostic accuracy of a standard 120-kVp acquisition.

Radiation Dose Estimations

Examination protocols were evaluated, and the resulting volume
CT dose index (CTDI,,,) and dose-length-product (DLP) were
recorded for each scan. Currently, examination protocols pro-
vided by the second-generation dual-source CT scanner used in
this study only display cumulative CTDI, ., and DLP values when
scans are obtained in dual-energy mode and do not allow a further
division of emitted radiation between both tubes with different
voltage settings. However, to allow an intraindividual analysis of
the estimated radiation dose without additional radiation expo-
sure and to avoid potential bias among different study groups, we
used dedicated software designed specifically for this study so that
all DICOM datasets and CTDI,, values of each of the 80-kVp
series were extracted and averaged. CTDI,, values are, in great
part, also present in the patient protocols of each examination,
which are usually used for analysis of the radiation dose. The given
DLP of the cumulative DECT examination was divided by the
cumulative CTDI,, to calculate a conversion factor. The calcu-
lated mean CTDI,,, of the 80-kVp series based on the extracted
data was then multiplied by this conversion factor to calculate the
resulting estimated DLP for the low-tube-voltage acquisition.

Statistical Analysis
All statistical analyses were conducted by using dedicated software
(SPSS, Version 21; IBM, Armonk, New York; and MedCalc for
Windows, Version 13; MedCalc Software, Mariakerke, Belgium).
Sensitivity, specificity, positive predictive value (PPV), and nega-
tive predictive value (NPV) were calculated for each observer and
type of image series. The means and SDs of metric data were
calculated. The paired t test was used to compare the CTDI,, and
DLP between the calculated values of the 80-kVp tube and the
cumulative dual-energy CT examination. A P value < .05 indi-
cated a statistically significant difference for all used tests.
Interobserver agreement among the 3 radiologists was evalu-
ated by using intraclass correlation coefficient (ICC) statistics.
Cumulative and subgroup-related ICC values were calculated.
The ICC value was interpreted in the following way: ICC < 0.20,
slight agreement; ICC = 0.21-0.40, fair agreement; ICC = 0.41—
0.60, moderate agreement; ICC = 0.61-0.80, substantial agree-
ment; ICC = 0.81-1.0, almost perfect agreement.

RESULTS

The study group consisted of 170 patients (57.2 % 16.3 years
[range, 1894 years]), comprising 114 male (56.3 = 16.2 years
[range, 1894 years]) and 56 female (58.9 = 16.6 years [range,
23—89 years]) patients.

All DECT examinations were performed without any compli-
cations, and no severe motion or metal artifacts were present. The
mean cumulative CTDI,, of all examinations was 10.04 = 0.80
mGy, and the calculated isolated CTDI,,, of the 80-kVp tube was
4.82 = 0.41 mGy (P < .001). The mean cumulative DLP was
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282.2 £ 30.2 mGy X cm, and the mean calculated isolated 80-kVp
DLP was 135.5 = 14.7 mGy X cm (P < .001), resulting in an
estimated dose reduction of approximately 48.0%.

Criterion Standard Final Clinical Diagnoses

One hundred seven patients underwent SCC-related neck DECT.
The findings of the 3 observers for 80-kVp and blended 120-kVp
images were compared with the criterion standard on the basis of
the combination of the electronic medical records, results from
histopathology, and the original CT imaging report. Primary neck
SCC was present in 50 cases and absent in 16 cases. SCC recur-
rence was diagnosed in 15 cases and ruled out in 26 cases. The
primary and recurrent SCC sites were the hypopharynx and lar-
ynx (n = 21), oropharynx (n = 17), nasopharynx (n = 11), buccal
soft tissue (n = 6), floor of mouth (n = 5), tongue (n = 3), and
nose (n = 2). On the basis of the Tumor, Node, Metastasis clas-
sification, we evaluated 15 T1 tumors, 17 T2 tumors, 12 T3 tu-
mors, and 21 T4 tumors. Data for the degree of spread to the
lymph nodes were not available for all cases and thus were not
included. Average follow-up of SCC-related cases was 21.3
months.

Forty patients completed lymphoma-related neck DECT. Pri-
mary lymphoma was diagnosed in 12 patients and ruled out in 7.
Recurrent cervical lymphoma was present in 8 patients and ruled
outin 13.

Twenty-three patients underwent neck DECT to assess sus-
pected benign conditions. A primary benign tumor (eg, Warthin
tumor, adenoma) was present in 5 patients. Primary abscess was
diagnosed in 7 patients and ruled out in 4. Abscess recurrence was
present in 1 patient and ruled out in 1. Findings of sialadenitis or
sialolithiasis as the main diagnosis were present in 3 patients. A
branchial cleft cyst was diagnosed in 2 patients.

Diagnostic Accuracy of 80-kVp and Blended

120-kVp Scans

The mean global (and individual) sensitivity and NPV for all 3
observers for evaluation of 80-kVp and blended 120-kVp image
series in this study were 94.8% and 91.1%, respectively. Specificity
and PPV were 93.0% and 95.9% for both image series. Summa-
rized results regarding the analysis of diagnostic accuracy are
listed in Table 2.

Compared with the global scores, diagnostic accuracy for the
evaluation of the subgroup of SCC showed a similarly high sensi-
tivity for 80-kVp and 120-kVp images (94.8%, 95.3%), a de-
creased specificity (both 89.1%), and slightly lower PPV (94.3%,
94.4%) and NPV (90.1%, 91.0%).

Diagnostic accuracy was consistently higher for lymphoma-
related imaging with a sensitivity of 95.0%, a specificity and PPV
of 100.0%, and an NPV of 95.2% for both image series.

Evaluation of 80- and 120-kVp image series from examina-
tions performed due to benign indications showed a sensitivity of
94.3%/92.5%, a specificity of 93.3%/93.3%, a PPV of 98.2%/
98.1%, and an NPV of 85.7%/79.0%.

Interobserver Agreement
The global ICC score for all 3 reviewers for 80-kVp images was
0.82(95% CI,0.76—0.86), and for blended 120-kVp images, it was



Table 2: Comparison of diagnostic accuracy of the 3 observers®

Lymphoma-Related

Benign Conditions

Value Global (n =170) SCC-Related (n =107) (n=40)° (n=23)

80-kVp image series

Sensitivity 94.8% (93.5%—-95.4%) 94.8% (91.4%—97.2%) 95.0% 94.3% (88.9%-100.0%)

Specificity 93.0% (91.9%-95.1%) 89.1% (86.5%-91.7%) 100.0% 93.3% (80.0%-100.0%)

PPV 95.9% (95.3%-97.2%) 94.3% (93.1%—95.8%) 100.0% 98.2% (94.7%-100.0%)

NPV 91.1% (89.1%-92.1%) 90.1% (84.6%—94.3%) 95.2% 85.7% (71.4%-100.0%)
120-kVp image series

Sensitivity 94.8% (92.6%-96.3%) 95.3% (91.4%-97.2%) 95.0% 92.5% (88.9%-94.4%)

Specificity 93.0% (91.9%-95.1%) 89.1% (86.5%—91.7%) 100.0% 93.3% (80.0%-100.0%

PPV 95.9% (95.3%-97.2%) 94.4% (93.2%-95.8%) 100.0% 98.1% (94.4%-100.0%)

NPV 91.1% (87.7%-93.5% 91.0% (84.6%—94.3%) 95.2% 79.0% (71.4%—85.7%)

2 Values are given as mean (range).
®No interobserver differences, therefore no ranges, are given.

FIG1. A 6l-year-old female patient with a primary supraglottic laryngeal carcinoma (T4a N2c). Low-tube-voltage acquisition (A) improves tumor
attenuation (large arrow) compared with the standard blended 120-kVp image series (B) and also shows a higher contrast and improved
depiction of cervical lymph node metastasis (small arrows) (window settings: width, 400 HU; level, 80 HU).

0.80 (95% CI, 0.74—0.85), interpreted as almost perfect agree-
ment. Interobserver agreement for SCC-related CT examinations
was substantial for 80-kVp image series with an ICC score of
0.79 (95% CI, 0.70—0.85) and for blended 120-kVp images
with an ICC of 0.76 (95% CI, 0.66—0.82). Evaluation of lym-
phoma-related examinations resulted in a perfect interob-
server agreement with an ICC score of 1.0 for both image se-
ries. The 80-kVp imaging for the evaluation of benign
conditions showed a substantial interobserver agreement for
the 80-kVp image series with an ICC score of 0.72 (95% CI,
0.45-0.87) and for the blended 120-kVp images with an ICC of
0.69 (95% CI, 0.41-0.83).

DISCUSSION

The findings of our study indicate that compared with standard
120-kVp imaging, low-tube-voltage 80-kVp CT provides suffi-
cient image quality for evaluation of the neck region in routine
clinical practice and simultaneously allows a distinct reduction of
radiation exposure. We found very high global sensitivity, speci-
ficity, PPV, and NPV and substantial interobserver agreement for
the 3 reviewers with varying levels of experience with neck CT.
Our results suggest that low-tube-voltage 80-kVp acquisitions

may be used in routine clinical practice to substantially lower the
cumulative radiation dose for patients undergoing neck CT.
While clinicians unacquainted with low-tube-voltage acquisi-
tions might be concerned about false-negative findings regarding
the detection of cervical malignancy, our results indicate that cer-
vical SCC can be reliably diagnosed by using this technique with a
consistently high sensitivity, though malignancy and especially
SCC recurrence in the early stages may be present but undetect-
able on CT as a general limitation of the technique.'” The high
NPV in our study also indicates that neck SCC was reliably ruled
out with this technique in our patient population. The additional
evaluation of blended 120-kVp images representing standard ac-
quisitions showed no significant differences for this subgroup.
Furthermore, we found that low-tube-voltage acquisitions pro-
vided an increased signal attenuation and consequently improved
SCC border contrast (Fig 1). Consequently, necrotic metastatic
lymph nodes may also be better depicted with low-tube-voltage
acquisitions as demonstrated in Fig 1. Nevertheless, the increased
signal attenuation usually requires modifying the window width
and level settings for evaluation of 80-kVp studies compared with
standard 120-kVp examinations. In addition, low-tube-voltage
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FIG2. A66-year-old female patient with a vascularized mass (arrow) in the left parotid gland. She underwent excision, and a Warthin tumor was
confirmed by histopathology. The increased iodine attenuation with an 80-kVp acquisition (A) results in a distinctly increased image contrast of
the mass compared with the standard 120-kVp acquisition (B) (window settings: width, 400 HU; level, 80 HU).

acquisitions may result in an increased focal spot blooming and
more severe metal artifacts. Nevertheless, these limitations may be
mitigated with the recently introduced third-generation dual-
source CT.*°

Prior studies have also demonstrated that low-tube-voltage
neck CT results in a superior contrast-to-noise ratio compared
with 120-kVp scans.'®'® Because patients with neck SCC often
undergo multiple CT examinations and radiation therapy, the
benefit for this specific patient group from low-tube-voltage ac-
quisitions may be limited. Nevertheless, younger patients with
suspected or known lymphoma and patients in whom primary
neck SCC can be ruled out on the basis of CT findings may par-
ticularly benefit from a dose-saving 80-kVp CT technique.

Several previous studies have demonstrated that the radiation
dose during head and neck CT angiography can be substantially
reduced with low-tube-voltage acquisitions.>'** Intravenously
administered iodinated contrast material shows an increased sig-
nal attenuation when exposed to lower tube voltages, which can
also improve soft-tissue contrast (Fig 2)."*'* However, only a few
prior studies evaluated low-tube-voltage CT acquisitions for im-
aging the soft-tissue structures of the neck region.'®'® Gnannt et
al'® demonstrated that the consecutive increase in soft-tissue at-
tenuation on 70-kVp scans is higher than the corresponding in-
crease in image noise, therefore resulting in a superior contrast-
to-noise ratio for neck imaging. They reported a dose reduction of
34% with 70-kVp acquisitions compared with standard 120-kVp
acquisitions. We found an estimated dose reduction of 48% with
80-kVp acquisitions based on extraction of CTDI,, values from
DECT datasets, but the actual dose savings may be less with single-
energy 80-kVp acquisitions. Toepker et al'® reported a peak in
image quality for the 80-kVp images of neck DECT in patients
with oral cancer, emphasizing the clinical applicability of low-
tube-voltage acquisitions.

The results of this study should be interpreted in the context of
the study design and consequent limitations. First, although a
study group of 170 patients was reasonable for this initial study,
further re-evaluation of our findings with low-tube-voltage ac-
quisitions in larger patient cohorts is necessary. Second, there may
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be differences regarding the average radiation exposure of neck
DECT among various dual-source CT systems. We also expect
differences between single- or dual-source 80-kVp CT, and our
results from retrospective analysis of the 80-kVp images from
DECT should be evaluated in additional studies with phantom
measurements. Especially single-source 80-kVp CT may also
show a different image quality because the 140-kVp tube in DECT
may have an effect on the 80-kVp DECT images. However, 80-
kVp neck CT can still be expected to result in a distinct dose
reduction.'® DECT may result in a slower scan speed than certain
single- or dual-source CT systems, which may lead to more mo-
tion artifacts, which were a potential exclusion criterion in our
study. Third, there were far more SCC-related examinations in-
cluded than the other subgroups. While we also excluded patients
undergoing neck CT for evaluation of cervical metastasis from
distant neoplasm, we assumed that our results regarding the de-
tection of cervical lymphoma can be transferred to the detection
of metastatic cervical lymph nodes. Fourth, although the math-
ematic calculations of the DICOM-reading software used in our
study are ordinary and only use data that are included in the
DICOM headers per se and are included in the patient protocols,
the diagnostic accuracy of this technique for the estimation of
low-tube-voltage radiation exposure from DECT examinations
has not been validated in prior studies. Fifth, to allow an optimal
comparability, we compared image series from the same patients,
which may have led to potential bias though there was a 12-week
interval between evaluations of both series. In addition, reviewers
were blinded to any auxiliary previous imaging studies and only
assessed axial images; this process does not reflect routine clinical
practice for follow-up CT in patients with known neck malig-
nancy and may have influenced diagnostic accuracy.

CONCLUSIONS

Our results demonstrate that low-tube-voltage 80-kVp neck CT
provides a high diagnostic accuracy and interobserver agreement
for the evaluation of various cervical pathologies and suggests that
this technique may be used in routine clinical practice to substan-
tially reduce cumulative radiation exposure for patients.
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ORIGINAL RESEARCH
PEDIATRICS

3T Intraoperative MRI for Management of Pediatric
CNS Neoplasms

AF. Choudbhri, P. Klimo Jr, T.S. Auschwitz, M.T. Whitehead, and F.A. Boop

ABSTRACT

BACKGROUND AND PURPOSE: High-field-strength intraoperative MR imaging has emerged as a powerful adjunct for resection of brain
tumors. However, its exact role has not been firmly established. We sought to determine the impact of 3T-intraoperative MRI on the
surgical management of childhood CNS tumors.

MATERIALS AND METHODS: We evaluated patient data from a single academic children’s hospital during a consecutive 24-month period
after installation of a 3T-intraoperative MRI. Tumor location, histology, surgical approach, operating room time, presence and volume of
residual tumor, need for tumor and non-tumor-related reoperation, and anesthesia- and MR imaging-related complications were evalu-
ated. Comparison with pre-intraoperative MRI controls was performed.

RESULTS: One hundred ninety-four patients underwent intraoperative MRI-guided surgery. Of these, 168 were 18 years or younger (mean,
8.9 £ 5.0 years; 108 males/60 females). There were 65 posterior fossa tumors. The most common tumors were pilocytic astrocytoma (n =
31,19%), low-grade glioma (n = 31,19%), and medulloblastoma (n = 20, 12%). An average of 1.2 scanning sessions was performed per patient
(maximum, 3). There were no MR imaging-related safety issues. Additional tumor was resected after scanning in 21% of patients. Among
patients with a preoperative goal of gross total resection, 93% achieved this goal. The 30-day reoperation rate was <1% (n = 1), and no
patient required additional postoperative MR imaging during the same hospital stay.

CONCLUSIONS: Intraoperative MRI is safe and increases the likelihood of gross total resection, albeit with increased operating room
time, and reduces the need for early reoperation or repeat sedation for postoperative scans in children with brain tumors.

ABBREVIATIONS: FSPGR = fast-spoiled gradient recalled; iMRI = intraoperative MRI

Brain tumors are the second most common type of pediatric ~ jury.”'! However, the benefits of this expensive technology have

cancer, affecting more than 4000 children per year in the  not been uniformly demonstrated in the literature.''"'* With re-

United States." For many tumors, such as ependymoma and me-
dulloblastoma, maximal cytoreductive resection offers the great-
est chance for long-term survival.> Intraoperative MR imaging
(iMRI) has been proposed as an adjunctive technique to achieve
maximal tumor resection while limiting iatrogenic neurologic in-
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spect to high-field-strength iMRI, typically defined as 1.5T or
higher, its impact on operating room and anesthesia time and the
incidence of MR imaging—related complications, particularly in
the pediatric population, have been the topic of limited publica-
tions.>">"'” We performed a retrospective review of our 24-
month experience with a 3T-iMRI at a tertiary care children’s
hospital to determine the impact of this tool on surgical planning,
workflow, and patient outcomes. Comparison was made with a
cohort of pediatric patients with brain tumor at our institution
from before installation of the iMRI scanner.

MATERIALS AND METHODS

This Health Insurance Portability and Accountability Act—com-
pliant retrospective study was performed after institutional re-
view board approval. We evaluated 3T-iMRI patient data for a
consecutive 24-month period (February 2011 to February 2013)
from a single academic children’s hospital, identifying patients 18
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years or younger who underwent iMRI-guided resection. Preop-
erative, intraoperative, MR imaging-related, and postoperative
parameters and outcomes were recorded.

Preoperative parameters evaluated included the age, sex,
number of prior tumor resections or biopsies, and the presence of
a preoperative shunt. Intraoperative parameters evaluated in-
cluded operating room entry time, time of initial skin incision and
skin closure, operating room exit time, patient position, surgical
approach, estimated blood loss, and anesthesia-related complica-
tions. We determined whether frameless stereotactic navigation
was used and whether this was performed by using scans obtained
in the operating room or before arrival in the operating room.

MR imaging parameters evaluated included the number of
intraoperative scans, the time required to place the MR imaging
coils and bring the scanner into the room, the number of scout-
localizers required, the total amount of intravenous contrast ad-
ministered, and any MR imaging-related complications. The
presence of residual tumor on MR imaging scans was also docu-
mented. The extent of resection was graded as gross total resection
if >98% of the tumor was resected, near-total if >90% was re-
sected, and subtotal if <90% was resected.

Postoperative parameters included tumor histology, length of
stay (intensive care, total hospital admission), disposition at time
of discharge (home versus other facility), 7- and 30-day reopera-
tion rates, mortality, and surgical site complications.

MR Imaging Scanner and Imaging Protocol

IMRI scans were performed with a 3T unit (Magnetom Verio 3T;
Siemens, Erlangen, Germany), which was brought into the operating
room via a ceiling-mounted track system (IMRIS-neuro; IMRIS,
Winnipeg, Manitoba, Canada). A 2-part split-array 8-channel head
coil (HC-300; IMRIS-neuro) was used, with one 4-channel compo-
nent of the coil placed inferior to the patient’s head and one 4-chan-
nel component placed superior to the patient’s head.

For the first 12 months, the routine intraoperative scanning
protocol included axial and coronal T1-weighted images before
and after contrast administration and an axial T2-weighted se-
quence and diffusion-weighted imaging. Additional planes were
used in select cases as needed, most often sagittal T1 postcontrast
for posterior fossa tumors. After 12 months, the protocol was
revised to include axial 3D fast-spoiled gradient recalled (FSPGR)
images before and after contrast administration, an axial T2-
weighted image, and axial diffusion-weighted images. The axial
T2-weighted image was obtained immediately after contrast ad-
ministration to allow a contrast agent infusion delay before the
FSPGR images. Subtraction imaging was performed between the
pre- and postcontrast FSPGR sequence, and FSPGR reformats
were performed in the sagittal and coronal planes.

Imaging studies were interpreted at the time of scanning by 1
of 2 fellowship-trained board-certified neuroradiologists (A.F.C.
or M.T.W.) and were reviewed in direct consultation with the
attending neurosurgeon (F.A.B. or P.K.).

Historical Comparison

A hospital neuro-oncology data base was queried to evaluate the
incidence of tumor-related reoperations at our hospital in the
time before institution of the iMRI program.

Table 1: Tumor location

No. (%)
Supratentorial (NOS) 64 38
Infratentorial (not brain stem) 43 26
Brain stem 22 3
Midbrain/pineal 13 8
Third ventricular/suprasellar 12 7
Deep gray nuclei 9 5
Cervical spine/skull base 5 3
Note:—NOS indicates not otherwise specified.
Table 2: Tumor histology
Histology No. (%)
Pilocytic astrocytoma 31 19
Low-grade glioma 31 19
Medulloblastoma/PNET 20 12
Ependymoma 15 9
High-grade glioma 14 8
Ganglioglioma 10 6
Other 47 28

Note:—PNET indicates primitive neuroectodermal tumor.

Data Collection and Statistics

Data were stored on a spreadsheet (Excel 2011; Microsoft, Red-
mond, Washington). Data were analyzed by using Excel and SPSS,
Version 20 (IBM, Armonk, New York). Discrete variables were
compared by using the Fisher exact test. Continuous variables
were compared by using the Kruskall-Wallis test, with a nonpara-
metric posttest, or a Student ¢ test when data followed a Gaussian
distribution. A P value < .05 was considered significant.

RESULTS

Patient Demographics

One hundred ninety-four patients underwent iMRI-guided sur-
gery atour institution in the 24 months after installation. Of these,
168 (87%) were 18 years or younger (mean, 8.9 * 5.0; range,
1.2-18.5 years; median, 8.0 years). There were 60 females and 108
males. Sixty-five (39%) tumors were located in the posterior fossa
(Table 1). The most common tumors were pilocytic astrocytoma
(n = 31, 19%), low-grade glioma (n = 31, 19%), and medullo-
blastoma (n = 20, 12%) (Table 2). Prior tumor resection was
performed in 60 patients (38%), and 34 (21%) had pre-existing
CSF shunts. The prone position was used in 79 patients; supine, in
70; and lateral decubitus, in 19.

MR Imaging Scans

Within the pediatric subset of patients, an average of 1.2 intraop-
erative scanning sessions per patient was performed (median, 1;
maximum, 3 scan sessions). There were no MR imaging-related
safety issues. Intraoperative gadolinium was administered in 152
patients (90%). For patients receiving gadolinium for the intra-
operative scan, an average of 1.1 doses was administered (median,
1; range, 1-3). The dose for the first 2 administrations was 0.1
mmol/kg of gadopentetate dimeglumine. When required, the
third administration was a half-dose (0.05-mmol/kg gadopen-
tetate dimeglumine).

Operating Room Workflow
The mean time in the operating room, from the patient entering
the room to exiting the room, was 428 = 143 minutes (range,
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158 -958 minutes; median, 415 minutes) (Table 3). The time from
operating room entry to initial skin incision was 91 * 40 minutes
(range, 19-237 minutes; median, 78 minutes).

Thirty-four patients underwent a stereotactic MR imaging
scan in the operating room before starting the case, with a time
from entering the operating room to initial skin incision of 145 *
36 minutes (median, 145 minutes). Compared with the 134 pa-

Table 3: Mean time in the operating room®

OR Entry
Total OR Time to Skin Skin to Skin

All patients 428 £ 142(415)  91+40(78) 316 = 130 (315)
Group 1 491 £ 173 (469) 145 = 36(145) 323 =157 (330)
Group 2 (all pts) 450 =141(439) 98 =40(82) 331129 (329)
Group 2a 482 +126(483) 75%19(70) 389 =+ 114 (387)
Group 2b 415120 (412) 82 24(77) 312 £13(302)
P (gl vs g2) 08 <.0001 NS (.67)

p (g2a vs g2b) .03 21 0.008

Note:—OR indicates operating room; pts, patients; gl, group 1; g2, group 2; g2a, group
2a; g2b, group 2b; NS, not significant.

2 Time is listed in minutes; numbers in parentheses are the median values. Group 1
indicates those with an intraoperative stereotactic scan; group 2, no intraoperative
stereotactic scan; group 2a, no stereotactic navigation used; group 2b, stereotactic
scan obtained prior to arrival in the operating room.

tients who did not have a stereotactic MR imaging scan in the
operating room before starting the procedure, which included 98
patients with previously performed stereotactic scans and 36 per-
formed without stereotactic guidance, the mean time from enter-
ing the room to initial skin incision was 69 * 20 minutes (median,
63 minutes; P < .0001).

Peri- and Postoperative Outcomes
The preoperative surgical goal was individualized, primarily de-
pending on the tumor location: gross total resection (n = 112),
debulking (n = 40), biopsy (n = 12), and other (n = 4).
Additional tumor was resected in 35 (21%) patients (Fig 1)
after scanning. Intraoperatively acquired volumetric images were
merged with the stereotactic navigation study in 22 patients to
correct for brain shift and guide continuation of resection. Of 112
with a goal of gross total resection, 26 (23%) had further resection
of the lesion, and at the end of the procedure, 104 of these patients
(93%) had gross total resection, with 6 having near-total resection
and 2 having subtotal resection. Of 40 patients with a preoperative
goal of debulking, 2 had gross total resection, 20 had near-total
resection, 16 had subtotal resection, and 2 had biopsy. Estimated

FIG 1. A, Axial T2-weighted image shows a mass in the fourth ventricle in a 9-year-old boy. B, Axial TI-weighted image after gadolinium
administration shows heterogeneous enhancement within the lesion. C, Axial T1 postgadolinium image from intraoperative MRI shows residual
tumor along the right superolateral aspect of the resection cavity. D, Axial T1 postgadolinium image from intraoperative MRI after continuation
of resection shows removal of the previously seen residual lesion. A rim of enhancement was seen along the margins of the resection cavity;
however, no discrete lesion was identified on surgical inspection of the margins. E, Axial T2WI shows a margin of T2 shortening with subjacent
edema in the areas of enhancement, a pattern that corresponds to recent use of bipolar electrocautery. On this basis, no further resection was

performed.
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postulated to be a low-grade lesion. Af-
ter pathologic determination of a high-
grade glioma, the decision was made to
further extend the margins to ensure the
removal of nonenhancing T2/FLAIR
signal abnormality that was originally
thought to represent edema. The all-
cause reoperation rate was 6% at 7 days
(n = 10) and 7% at 30 days (n = 11),
with reoperations for shunt placement/
revision (n = 6), pseudomeningocele
(n = 3), and intracranial pressure mon-
itor placement (n = 1) within the first 7
days and for additional tumor resection
(n = 1) within the first 30 days.

The 30-day mortality rate after
iMRI-guided tumor resection was 0%.
At 30 days, 2 patients developed superfi-
cial wound infections and a third patient
developed a deep infection. There have
been no clinical signs of contrast-in-
duced nephrogenic systemic fibrosis in
any of the patients.

In the 12 months before instituting
the iMRI program, 104 patients under-
went tumor resection at our institution
(63 males, 41 females). The 30-day tu-
mor-related reoperation rate was 8% (8
of 104 patients) (P = .002 versus the
iMRI cohort).

DISCUSSION
We have demonstrated that high-field-

FIG 2. A, Axial TIWI postgadolinium image at the level of the midpons in a 3-year-old girl shows
a heterogeneously enhancing mass, which causes near-complete effacement of the fourth ven-
tricle. B, Axial TIWI postgadolinium iMRI obtained after initial resection of the lesion shows
decreased bulk of the lesion and decreased mass effect on the fourth ventricle. Volumetric T1
images were merged to the stereotactic dataset to guide further resection,; this step allowed the
procedure to go forward, accounting for intraoperative “brain-shift” from ventricular decom-
pression and tumor debulking. C, Axial TIWI postgadolinium iMRI image after continuation of
resection shows several areas of T1 shortening along the posterior margin of the resection cavity.
Review of the resection cavity under an operating microscope showed no macroscopic blood
products in this location. D, Axial TIWI iMRI after continuation of resection prior to contrast
administration shows a similar pattern of Tl shortening; this represents intrinsic T1 shortening
(presumably related to electrocautery use). Accordingly, there was no abnormal enhancement on

strength iMRI in children is safe; negates
the need for sedation and postoperative
MR imaging requiring travel from the
safe confines of the intensive care unit;
and markedly reduces the need for early
reoperation by maximizing tumor re-
sectability. The price of this technology
is added operating room time, with an
intraoperative scan adding approxi-

the second postcontrast iMRI scan.

blood loss was 141 *= 137 mL (range, 10—-1000 mL; median,
100 mL).

One hundred fifty-one patients went to the intensive care unit
after surgery, and 17 did not. The average intensive care unit
length of stay was 2.3 = 3.9 days (range, 0—35 days; median, 1
day). The total hospital length of stay for all patients was 7.6 == 5.3
days (range, 1-35 days; median, 6 days). Discharge disposition
was most commonly to home (n = 99). Twenty-nine patients
were transferred to a partner institution (n = 29) for continued
convalescence and others to a hospital-partnered family tempo-
rary housing (n = 23).

The tumor-related reoperation rate was 0% at 7 days and 1%
at 30 days (1 of 168). The one patient who required reoperation
was an 11-year-old boy who had a right frontal lesion originally

mately 45—60 minutes to a case, includ-
ing the time for safety checks, patient
preparation, moving the MR imaging scanner, and performing
the scan. Performing stereotactic navigation sequences in the oper-
ating room before skin incision further prolongs operating room
time. The preoperative preparation time, from entering the room to
initial skin incision, was approximately 55 minutes longer when an
intraoperative stereotactic scan was performed compared with use of
a pre-existing scan. However, we have had no anesthesia or MR im-
aging-related complications, and our wound infection rates are no
greater than those in historical controls. Continued follow-up is
needed to assess the incidence of tumor recurrence, postoperative
neurologic and cognitive deficits, and ultimately survival.

There are unique challenges in evaluating and interpreting

intraoperative MR images. Gross changes in lesional signal inten-
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sity, diffusion characteristics, and enhancement patterns between
the preoperative MR imaging and iMRI are often postoperative in
nature rather than a reflection of residual tumor. For example,
there are often thin areas of enhancement marginating the oper-
ative cavity (Fig 2), even in locations where there was no enhanc-
ing tumor on preoperative imaging. In most cases, these areas of
enhancement most likely represent hyperemia/engorged vascula-
ture and regional small-vessel permeability, especially if electro-
cautery (ie, bipolar) was performed. Intrinsic T1 shortening from
blood products can be mistaken for enhancement if comparison
with precontrast T1 imaging is not performed (Fig 2D), and sub-
traction imaging can help confirm this. Granulation tissue does
not develop in the immediate intraoperative setting. Distinction
of vascular enhancement from trace residual tumor may be diffi-
cult or impossible, particularly if the tumor shows marked pre-
procedural enhancement or if the enhancement is nodular in
character. In equivocal cases, these areas should be explored in-
traoperatively or subject to higher scrutiny on follow-up
examinations.

Multiple iterations of intraoperative scanning in patients with
enhancing lesions requires repeat administration of intravenous
gadolinium. Accordingly, care must be taken to ensure that there
are no secondary signs of acute renal dysfunction, such as de-
creased urine output, to reduce the risk of nephrogenic systemic
fibrosis. Use of half-dose (0.05 mmol/kg) contrast, possibly with
high relaxivity and/or macrocyclic gadolinium chelates, may help
mitigate this risk.

Little is known about the normal appearance of an active op-
erative cavity after multiple contrast agent doses. The imaging
appearance is complicated by the presence of an admixture of
contrast material injected at 2 different time points. Theoretically,
both false-positive and false-negative findings of residual tumor
could be possible in patients who have received >1 contrast agent
dose during a short time. Nonetheless, there have been no known
instances of false-positive or false-negative tumor residual in our
experience thus far.

For various reasons, image distortion may be present in pa-
tients undergoing iMRI. First, suboptimal patient positioning
with respect to the magnet isocenter can result in spatial-resolu-
tion distortions.'® Paramagnetic susceptibility artifacts from
blood products and gas can cause image distortion. These entities
have major implications for iMRI. Even subtle differences be-
tween apparent and actual lesion location because of image dis-
tortion could alter the expected surgical outcome.

Performing an intraoperative MR imaging decreases the need
for postoperative imaging and, in the case of CT, radiation expo-
sure. Some patients without visible complications on the iMRI
scan may be able to be followed in a step-down bed as opposed to
a full intensive care unit bed. No repeat MR imaging scans were
performed during the first week after resection in patients who
had an iMRI after tumor resection.

Alternative intraoperative imaging modalities have been de-
scribed, in particular sonography, however predominantly re-
lated to adult gliomas.'>* Few uses of sonography have been
shown in pediatric tumors.>**> Sonography is highly operator-
dependent, and proper orientation with respect to the resection
cavity can be difficult. iMRI allows spatial localization of the re-
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section cavity and possible residual tumor, in a manner that easily
compares with preoperative imaging and can serve as a compari-
son study for postoperative follow-up scans.

In addition to brain tumor resection, iMRI may have other
roles in the pediatric population. It can be used to confirm shunt
placement, perhaps in a patient with multiloculated hydrocepha-
lus; to confirm biopsy location in a suspected demyelinating dis-
order or vasculitis; in surgery for vascular lesions; and for confir-
mation of resection margins in epilepsy surgery.”*>®

Success of high-field-strength iMRI requires careful attention
to safety, and accordingly, patients with some implanted medical
devices may not be able to safely undergo iMRI-guided surgery.
Several patients at our institution were unable to undergo iMRI-
guided surgery because they had implanted devices that were not
cleared for 3T scanning.

The large-bore scanner (70 cm) allowed patients to be scanned
in various positions; however, upright surgery is not possible with
this system. Additionally, the patient cannot fully enter the bore of
the magnet, and tumors of the lower cervical spine and thoracic
spine could not be imaged with current technology.

Successful implementation of an iMRI program requires col-
laboration, and accordingly, all cases at our institution are re-
viewed by the neuroradiologist and neurosurgeon before the op-
eration to identify the goals of the operation and the intended
approach. All iMRI scans are interpreted with the neuroradiolo-
gist in the operative suite at the time of scanning, providing real-
time consultation with the neurosurgeon.

Future work will include outcome analysis looking at long-
term disease-free survival and mortality. Additionally, a detailed
cost-analysis will be helpful to account for the expenditures on the
device itself and the increased operating room time.

CONCLUSIONS

In this series, the early tumor reoperation rate reduced from
8% to <1% after instituting an iMRI program, which may re-
sult in reduced tumor recurrence and improved survival. If suc-
cessful, an iMRI program can create a new paradigm for tumor
treatment and establish the role for integrated real-time neurora-
diology-neurosurgery collaboration for the resection of pediatric
CNS tumors, which will translate into achieving optimal patient
outcomes.
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MRI-Based Radiologic Scoring System for Extent of Brain Injury
in Children with Hemiplegia

S.I. Shiran, M. Weinstein, C. Sirota-Cohen, V. Myers, D. Ben Bashat, A. Fattal-Valevski, D. Green, and M. Schertz

ABSTRACT

BACKGROUND AND PURPOSE: Brain MR imaging is recommended in children with cerebral palsy. Descriptions of MR imaging findings
lack uniformity, due to the absence of a validated quantitative approach. We developed a quantitative scoring method for brain injury
based on anatomic MR imaging and examined the reliability and validity in correlation to motor function in children with hemiplegia.

MATERIALS AND METHODS: Twenty-seven children with hemiplegia underwent MR imaging (T1, T2-weighted sequences, DTI) and motor
assessment (Manual Ability Classification System, Gross Motor Functional Classification System, Assisting Hand Assessment, Jebsen Taylor
Test of Hand Function, and Children’s Hand Experience Questionnaire). A scoring system devised in our center was applied to all scans.
Radiologic score covered 4 domains: number of affected lobes, volume and type of white matter injury, extent of gray matter damage, and
major white matter tract injury. Inter- and intrarater reliability was evaluated and the relationship between radiologic score and motor
assessments determined.

RESULTS: Mean total radiologic score was 11.3 = 4.5 (range 4-18). Good inter- (p = 0.909, P < .001) and intrarater (p = 0.926, P = < .001)
reliability was demonstrated. Radiologic score correlated significantly with manual ability classification systems (p = 0.708, P < .001), and
with motor assessments (assisting hand assessment [p = —0.753, P < .001]; Jebsen Taylor test of hand function [p = 0. 766, P < .001];
children’s hand experience questionnaire [p = —0. 716, P < .001]), as well as with DTI parameters.

CONCLUSIONS: We present a novel MR imaging—based scoring system that demonstrated high inter- and intrarater reliability and
significant associations with manual ability classification systems and motor evaluations. This score provides a standardized radiologic
assessment of brain injury extent in hemiplegic patients with predominantly unilateral injury, allowing comparison between groups, and
providing an additional tool for counseling families.

ABBREVIATIONS: CP = cerebral palsy; GMFCS = Gross Motor Functional Classification System; MACS = Manual Ability Classification System; AHA = Assisting
Hand Assessment; JTTHF = Jebsen Taylor Test of Hand Function; CHEQ = Children’s Hand Experience Questionnaire

he role of neuroimaging in assessing patterns of injury in pa-
tients with cerebral palsy (CP) is well established. MR imaging
of the brain for evaluation of children with CP is a practice rec-
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ommended by the American Academy of Neurology since 2004."
Major reviews of the literature support this practice guideline.*™
Korzeniewski et al” concluded that neuroradiologic imaging mo-
dalities are making significant contributions to our understand-
ing of CP. However, there are significant inconsistencies in de-
scriptions of radiologic findings. In their systematic review of the
literature, 42 studies relating to neuroimaging evaluation of pa-
tients with CP were assessed and were found to use more than 100
different terms to describe brain injury in these patients, making
comparison between studies very difficult. In their review, Krige-
loh-Mann and Horber” highlighted the potential of MR imaging
to elucidate etiology and pathogenesis in CP but found a lack of
consensus on classification of MR imaging results. In their opin-
ion, a standardized classification of MR imaging results would be
helpful for data collection in CP registries. This was acknowledged by
the Surveillance of Cerebral Palsy in Europe network, which devel-
oped a recommended standardized method for reporting brain MR



imaging results.>® Arnfield et al* investigated the relationship be-
tween the brain structure on MR imaging and motor outcomes in
children with CP by reviewing the related literature. They found a
relationship between the type of brain lesion as seen on MR imaging
and 2 clinical outcomes: Gross Motor Functional Classification Sys-
tem (GMFCS)”® and type of CP. The difficulties they encountered in
comparing MR imaging results between different studies led them to
emphasize the importance of developing a validated quantitative ap-
proach to classification of brain injury on MR imaging.

In our medical center, we developed a quantitative scoring
method for brain injury based on anatomic MR imaging of the
brain. The purpose of this study was to examine the reliability and
validity of the scoring system in correlation to motor function
status in a cohort of children with hemiplegia.

MATERIALS AND METHODS

Participants

The study group comprised 27 children with clinical signs of
hemiplegia, recruited from the Regional Pediatric Neurology
Unit at the Tel Aviv Sourasky Medical Center and Guy’s and St
Thomas’ NHS Foundation Trust and affiliated Child Develop-
ment Centres, as part of a study examining motor intervention in
children with hemiplegia.” Inclusion criteria were clinical signs of
spastic hemiplegia as assessed by a neurologist, attendance at a
mainstream educational institution, and independence of mobil-
ity. Exclusion criteria were intractable seizures, prior surgical in-
tervention, and any contraindications to MR imaging.

This study was approved by the Institutional Review Board
and National Research Ethics Committee of the respective hospi-
tals, and fully informed consent was obtained from parents
and/or children over 18 years of age.

Motor Function Assessment

Motor classification included rating according to the Manual
Ability Classification System (MACS) and the GMFCS. The
MACS classifies ability to handle objects in important daily activ-
ities across a 5-point scale; children at level I handle most objects
easily and at level V are severely limited in their ability.'® The
GMFCS is a measure of spontaneous functional mobility.” Partic-
ipants were also assessed with the Assisting Hand Assessment
(AHA; version 4.3),"" the Jebsen Taylor Test of Hand Function
(JTTHF),'* and the Children’s Hand Experience Questionnaire
(CHEQ)."> AHA tests spontaneous use and performance of the
affected hand in functional/play-based tasks; higher scores repre-
sent better bimanual skills. JTTHF is a timed test of manual dex-
terity where higher scores represent poorer unimanual skills.
CHEQ is a 29-item questionnaire of affected hand use in daily
bimanual activities; higher scores represent better hand use.

MR Imaging

All participants underwent MR imaging and motor assessment on
the same day, with training in a mock scanner before the actual scan.
MR imaging scans were performed on 1 of 2 3T scanners (Signa
Excite, Milwaukee, Wisconsin), the first at Tel Aviv Sourasky Medical
Center, Israel (19 participants), and the second at the Institute of
Psychiatry, London, United Kingdom (8 participants). The scanning
protocol, which was matched between sites, included:

e 2D sagittal T1-weighted conventional spin-echo. TR = 400 ms,
TE = 10ms; 21 X 5 mm sections with a 1.5 mm gap; matrix size
256 X 160 over a 240 mm FOV.

e 2D axial T2-weighted fast spin echo. TR = 4000 ms, TE = 137
ms; 36 X 4 mm sections with no section gap; matrix size 384 X
224 over a 240 mm FOV.

e 2D axial FLAIR. TR = 9000 ms, TE = 144 ms, TI = 2100 ms;
32 X 4 mm sections with no section gap; matrix size 256 X 192
over a 240-mm FOV.

e Gradient-echo T2". FOV/matrix = 240 mm?/512 X 512; TR/
TE = 320/20 ms.

e Axial 3D high-resolution anatomic T1-weighted fast spoiled
gradient-echo imaging. (FOV)/matrix = 240-256 mm?/256 X
256; TR/TE = 8.6/3.3 ms.

e DTT acquired along 19 diffusion gradient directions (b = 1000
s/mm?) and 1 with no applied diffusion gradient, (FOV/ma-
trix = 220 mmz/acquired matrix of 128 X 128; reconstructed to
256 X 256; TR/TE = 11,000/91 ms).

Radiologic Scoring

A scoring system was devised, adding points for positive findings,
as shown in the On-line Appendix. The score covered 7 aspects
across 4 domains: 1) number of affected lobes, 2) volume and type
of white matter injury, 3) extent of gray matter damage, and 4)
major white matter tract injury. Scoring was dichotomous, with 1
point for pathology and 0 for normal structure, with the exception
of white matter volume loss, which was graded as explained be-
low. Total radiologic score was obtained by summing all points.
Thus, a child with a completely normal scan would get a score of 0.
Brain injury with unilateral hemispheric involvement may reach a
maximum score of 18. In the presence of bilateral brain injury, each
hemisphere was scored separately and summed to give the total
score. The following aspects of brain injury were assessed:

1. Number of affected lobes: for each lobe affected, 1 point was
scored, up to a maximum of 4 points ifall 4 lobes in the injured
hemisphere were affected.

2. White matter injury:

a. Volume loss of white matter in the affected regions was as-
sessed in comparison with the unaffected side, by averaging a
few measurements of white matter width at the region of
abnormality and comparing them with the unaffected hemi-
sphere. Extent of white matter volume loss was described as
none (0 points), mild (1 point) if less than 40% decrease in
volume, moderate (2 points) if approximately 40%—60% de-
crease in volume, and severe (3 points) for greater than 60%
decrease in volume (Fig 1).

b. Presence of T2 signal changes reflecting gliosis, regardless of
extent, was scored 1 point and absence of gliosis 0 points.
(Fig 24, -B).

c. Presence of parenchymal cystic changes (not including ex-
vacuo dilation of the ventricle) was scored 1 point and ab-
sence of cystic changes 0 points. (Fig 2C).

3. Gray matter injury:
a. Cortical gray matter abnormality was scored 1 point, regard-
less of extent. Cortical gray matter abnormality was reflected
by thinning and/or signal abnormality in case of injury (Fig

AJNR Am J Neuroradiol 35:2388-96 Dec 2014  www.ajnr.org 2389



FIG 1. Axial T2-weighted images at the level of the lateral ventricles from 3 different patients demonstrating different levels of white matter

loss: A indicates mild; B, moderate; and C, severe.

FIG2. A andB, Axial T2-weighted images demonstrate high T2 signal in the frontal subcortical white matter consistent with white matter gliosis.
There is thinning and high T2 signal in the frontal cortex consistent with cortical gray matter injury. C, Axial T2-weighted image at the level of the
basal ganglia of a different patient demonstrates cystic changes involving both cortical and deep gray matter, with extensive involvement of the
basal ganglia, thalamus, and adjacent major white matter tracts. D, Axial T2-weighted image at the level of midbrain-pons junction demonstrating
significant asymmetry of cerebral peduncles, reflecting left sided Wallerian degeneration.

2A-C), and by thickening and abnormal structure in case of
congenital malformation.

b. Deep gray matter injury was evaluated for extent of basal
ganglia and thalami involvement by assigning 1 point for
each to a maximal score of 4 points if caudate, putamen,
globus palidus, and thalamus were affected (Fig 2C).

4. Major white matter tract injury was scored by assigning 1
point for presence of signal changes in each of the following:
the internal capsule anterior limb, internal capsule posterior
limb, and external capsule (Fig 2C). In addition, presence of
cerebral peduncles asymmetry at the level of the midbrain was
also scored 1 point (Fig 2D).

Application of the radiologic scoring method in 2 different chil-
dren is presented in Figs 3 and 4.

Scoring was performed by a pediatric radiologist with 6 years’
experience in pediatric neuroradiology. The scoring was per-
formed a second time, with a period of at least 6 months between
assessments, to evaluate intraobserver variability. An additional
assessment was performed in all cases by a second radiologist at
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the beginning of her neuroradiology training to evaluate interob-
server variability.

DTI Analysis

DTIStudio software (Johns Hopkins University, Baltimore,
Maryland) was used for DTT analyses as per our published proto-
col.'* In brief, tractography analysis was performed to reconstruct
the corpus callosum by using a streamline fiber-tracking method
with the fiber assignment by continuous tracking algorithm."”
The Witelson parcellation scheme'® was used to segment the cor-
pus callosum into 3 segments: genu, midbody, and splenium. Re-
gion of interest analysis was performed for the left and right pos-
terior limbs of the internal capsule by using ROIEditor software
(Johns Hopkins University, Baltimore, Maryland). Mean values
of axial diffusivity, radial diffusivity, mean diffusivity, and frac-
tional anisotropy were calculated for each fiber/region of interest.

Statistical Analysis
Spearman correlations were used to assess inter- and intrarater
reliability of total radiologic score (continuous item), whereas



FIG3. Aseries of axial T2-weighted images from a 7-year-old boy with left hemiplegia and MACS score of 1, with prematurity-related brain injury
(periventricular leukomalacia + focal infarct). A, Right-sided perirolandic encephalomalacia involving frontal and parietal lobes (2 points); white
matter changes include gliosis (1 point), no cystic changes. B-D, Assessment of white matter volume loss: the width of white matter was
measured in the affected area and compared with the contralateral side, calculating percentage of volume loss. At least 3 measurements were
performed and averaged; in this case, the average was in the range of moderate volume loss (40%—60%) (2 points). E, Presence of cortical gray
matter changes (1 point). F, No involvement of deep gray matter and major white matter tracts. The total score was 6.

Cohen k was used to evaluate inter- and intrarater reliability of
each individual item (dichotomous or ranked items), accounting
for the effects of chance agreement.'” A score of at least 0.6 is taken
as substantial agreement, whereas 0.8 and greater represents a
very high level of agreement.'®

ANOVA test and Scheffe post hoc tests were used to examine
differences in radiologic score according to MACS and GMFCS
classification. Spearman correlation was used to further assess this
relationship. Spearman correlations were applied and scatterplots
plotted to determine the relationship between radiologic score
and motor assessments including the AHA, JTTHF, and CHEQ
scores. Means and standard deviations were calculated for each fiber
tract/region of interest. Pearson correlations were calculated between
fractional anisotropy and diffusivity parameters of each fiber tract/
region of interest and the total radiologic scores. Data were analyzed
using SPSS version 17.0 (IBM, Armonk, New York).

RESULTS

The study group comprised 27 children (15 male, 12 female),
mean age 10.9 * 3.2 years (range 7.0—18.7 years). Seven children
(26%) were born prematurely (mean gestational age = 29 * 3
weeks). Of the remaining term born children, 13 had perinatal

brain injury, 3 presented with congenital malformation, 1 child
had traumatic brain injury at 3 months of age, and 3 children had
stroke at a later age, at 18 months, 2.5 years, and 7.5 years of age.
Most subjects had right hemiplegia (70%; n = 19). GMFCS score
ranged from 1 (40%) to 2 (60%) whereas MACS score ranged
from 1 to 3, with a mean score of 2.0 = 0.7. Mean total radiologic
score (mean of 3 ratings from 2 radiologists) was 11.3 = 4.5, with
arange of 4-18 (On-line Table).

Correlation analyses showed good inter- (p = 0. 909, P <.001)
and intrarater (p = 0. 926, P < .001) reliability for total radiologic
score. When analyzed item-by-item, substantial agreement was
found, with mean «k score 0.687 for intrarater, and 0.676 for in-
terrater variability (Table 1).

A strong positive correlation was evident between radiologic
score and MACS severity (p = 0.708, P = < .0001). On further
analysis, a 1-way ANOVA showed that mean radiologic score dif-
fered significantly between the 3 MACS classifications, with lower
MACS score (representing less impairment) corresponding to
lower radiologic score [F(2,24) = 11.571, P = .003] (representing
less brain injury based on imaging). Post hoc tests showed a sig-
nificant difference between MACS 1 and 3 according to radiologic
score, differentiating the 2 groups (Fig 5). No significant correla-
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FIG 4. Images from an 8-year-old boy with right hemiplegia and MACS score of 3, with a background of left MCA infarct, born at term. A, Axial
T2-weighted image, and B, sagital T2-weighted image, both demonstrate involvement of all 4 lobes (4 points). Extensive cystic and gliotic
changes are present (2 points). In this case there is obvious severe white matter volume loss, which makes actual measurement redundant (3
points). There is extensive loss of cortical gray matter with thinning and gliosis in adjacent gray matter (1 point) as shown in C. D, Extensive
involvement of deep gray matter structures (4 points), as well as major white matter tracts including external capsule and anterior and posterior
limbs of the internal capsule (3 points). E, Asymmetry of the pyramids (1 point). When DTl is available, the anisotropy map can help in delineating

the white matter tract involvement as seen in F. The total score was 18.

Table 1: Intra- and interrater reliability

Intrarater Interrater

Item K Significance Kk Significance
Frontal involvement 0.649 .001 0.65 <.001
Parietal involvement ~ —0.102 .595 0.780 <.001
Temporal involvement  0.772 <.001 0.778 <.001
Occipital involvement ~ 0.742 <.001 0.767 <.001
Gliosis 0.835 <.001 0.514 .006
Cystic changes 0.629 .001 0.695 <.001
WM volume loss 0.435 .002 0.469 .001
GM involvement 0.761 <.001 0.767 <.001
Caudate 0.611 .002 773 <.001
Putamen 0.752 <.001 0.922 <.001
Globus pallidus 0.830 <.001 0743 <.001
Thalamus 0.806 <.001 0.539 .005
External capsule 0.843 <.001 0.485 .010
Anterior limb 0.819 <.001 0.599 .001
Posterior limb 0.660 .001 0.615 .001
Pyramids 0.906 <.001 0.727 <.001
Mean 0.684 0.676

tion was detected between radiologic score and GMFCS (p =

0.281; P = .156).

Strong, significant correlations were further detected between
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FIG 5. Mean and 95% confidence intervals of radiologic scores ac-
cording to MACS classification.

radiologic score and motor assessments, including the AHA (p =
—0.753,P<.001),JTTHF (p = 0. 766, P <.001),and CHEQ (p =
—0. 716, P < .001) (Fig 6). As radiologic score increased (repre-



FIG 6. Scatterplots showing correlation between radiologic score and motor assessments on the AHA, JTTHF, and CHEQ scores.

senting increased brain injury), motor performance decreased,
indicated by lower AHA and CHEQ scores and longer JTTHF
reaction times.

Total Radiologic Score and White Matter Integrity

Two children did not undergo the DTT scan (subjects 15 and 24)
and 1 child (subject 21) was excluded due to movement artifacts.
In 2 children (subjects 1 and 7), all segments of the corpus callo-
sum and the affected posterior limbs of the internal capsule could
not be reconstructed due to the large size of the lesion. In 1 child
(subject 12), the midbody of the corpus callosum, and in another
(subject 9), the affected posterior limbs of the internal capsule
could not be reconstructed due to the lesion. These children were
excluded, leaving 20 children whose DTT data could be analyzed.

Significant correlations were found between the white matter
integrity of the corpus callosum and the total radiologic score, in
the genu, midbody, and splenium. Higher diffusivity values, re-
flecting reduced white matter integrity, were associated with
higher radiologic score (Table 2).

Significant correlations were also found between the white matter
integrity of the affected posterior limbs of the internal capsule and the
total radiologic score. The lower the fractional anisotropy in the af-
fected posterior limbs of the internal capsule (indicating reduced

Table 2: Correlations between DTI values in the corpus callosum
and total radiologic score

Diffusivity Correlation with
Parameter  Total Radiologic Score (r) P Value
Genu MD 0.59 .004
Da 0.45 .036
Midbody MD 0.55 .on
Da 0.48 .029
Splenium MD 0.67 .001
Da 0.58 .004

Note:—MD indicates mean diffusivity; Da, axial diffusivity.

white matter integrity), the higher the total radiologic score (r =
—0.668, P < .001) (Fig 7). There were no significant correlations
between the total radiologic score and the white matter integrity of
the less affected posterior limbs of the internal capsule.

DISCUSSION

We present a novel scoring system, based on diagnostic MR im-
aging study of the brain, developed to describe the extent of brain
injury in a quantitative fashion. Our results show high inter- and
intrarater reliability and significant correlation with motor classi-
fication and function on motor assessments of hand function of
children with hemiplegia.
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FIG7. Scatterplot showing correlation between radiologic score and
fractional anisotropy in the affected posterior limbs of the internal
capsule.

In recent years, studies have suggested that the combination of
type, location, and extent of brain lesion in patients with CP is a
stronger predictor of hand function than lesion type alone.'**° These
studies highlight the importance of a standardized approach for as-
sessing extent of brain damage. In this study, we report on a point
value MR imaging—based scoring method to estimate extent of brain
injury in children with hemiplegia and to determine its correlation to
clinical status, independent of the underlying etiology.

Feys et al*! reported a systematic approach to describing brain
injury in addition to pattern recognition; they used a checklist of
anatomic structures involved in brain injury, assigning 1 point for
pathology and 0 for normal structure. These data were used to
investigate the association between each affected neuroanatomic
structure to upper limb function. Their study highlighted the im-
portance of lesion location to upper limb function; however, they
did not assign a score profile per child, thus preventing compari-
son between patients.

A methodical scoring system for pediatric brain injury was
reported by Woodward et al,** who proposed a standardized scor-
ing system of neonatal brain injury. The authors found significant
associations between the qualitative measures of cerebral white
matter and gray matter abnormalities on MR imaging at term-
equivalent age and the subsequent risks of adverse neurodevelop-
mental outcomes at 2 years of age among very preterm infants.
Additional studies reported qualitative and quantitative methods
for assessing the extent of injury to the premature brain at term
equivalent age.”"** Using these scoring systems in our population
was not possible as they rely on the unique imaging features of the
immature neonatal brain which do not apply to MR imaging
studies performed on older children with mature brains.

In our scoring method, we aimed to simplify the brain MR
imaging evaluation and minimize interrater variability by using
dichotomous items; each brain injury characteristic was scored 1
for a positive finding and 0 if no pathology was noted. Only white
matter volume loss was graded for extent with point values rang-
ing from 0, if no volume loss was noted, to 3 for most severe
volume loss, adding an element of qualitative evaluation. This
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method appears reliable and reproducible as reflected by very
good intra- and interobserver correlation. The fact that the second
rater had recently finished her residency and was at the beginning of
her neuroradiology fellowship suggests that this method is simple
and does not require extensive experience to use.

Furthermore, the system we developed is consistent with the
classification of MR imaging recommended by the Surveillance of
Cerebral Palsy in Europe network,® but goes further in quantify-
ing the extent of brain damage to enable comparison between
children and across studies.

Correlation between DTI measurements and clinical status
was previously reported by our group,'* though this is a larger
cohort with additional children that were not included in the
previous study. The strong correlation we found between total
radiologic score and DTI measurements further supports the re-
liability of this method, as it seems the scoring based on anatomic
imaging reflects well the microstructural changes that are mea-
sured in the DTT evaluation.

Several studies demonstrated significant correlation between
deep gray matter involvement and worse upper limb motor func-
tion."”?">° Holmefur et al'® reported worse hand function to be
associated with combined involvement of both basal ganglia and
thalamus, independent of the basic type of brain lesion. Based on
diffusion MR imaging studies, Holmstrom et al*” suggested signifi-
cant changes in major white matter tracts also correlate with hand
function. Our radiologic score took this into account by giving de-
tailed scoring to each aspect of the deep gray matter and major white
matter tracts rather than clumping these structures together for a
single score. This embedded relative “weighting” of extent of deep
gray matter involvement may explain the good correlation between
the radiologic score and the functional status of patients.

Looking at the correlation between the radiologic scores and
the MACS grades (Fig 5) it appears that the children with MACS 3
have a radiologic score above 11, and children with MACS 1 have
a radiologic score below 13, which suggests good discrimination
between MACS 1 and 3. Children with MACS 2 have more vari-
able injury scores that overlap with 1 and 3. Although this assess-
ment is limited by the lack of higher MACS grades in this group of
patients, and by the small sample, these preliminary results do
suggest possible prediction of MACS grade by radiologic score.

Our study did not find a correlation between the radiologic
score and GMFCS. This is likely related to the relatively similar
high function that children with hemiplegia have in regards to
gross motor function, as measured by GMFCS scores of I and 1I
only in our study group.

In this study group, children had predominantly unilateral
abnormalities. Only 1 child had bilateral abnormalities (subject
27). The combined radiologic score from each hemisphere was
used for the statistical analysis. Feys et al*!
impact of bilateral abnormalities on the use of the hemiplegic
hand. For this specific child, with a high MACS rating, the radio-
logic score of the hemisphere responsible for the hemiplegic hand
alone fell below the 95% CI range when correlating with MACS,
suggesting a possible impact of bilateral abnormalities on the use

demonstrated a lack of

of the hemiplegic hand. However, no conclusions can be made
based on a single case. Other studies have described bilateral ab-
normalities in larger numbers of children with unilateral hemi-



plegia.'®?! The lack of significant bilateral abnormalities in our
study group reflects the purposive sampling of children with clin-
ical presentation of predominant unilateral impairment in view of
the motor intervention protocol. In addition, the sample had a
smaller percentage of patients with prematurity-related brain in-
jury, compared with other studies, which tends to cause higher
percentage of bilateral injury. Our results support further re-
search to validate this scoring method in the presence of bilateral
abnormalities in a greater number of children.

The main limitations of this study are the relatively small sam-
ple and the fact that all participants exhibited predominantly uni-
lateral hemiplegia with relatively good gross motor functional sta-
tus. It should be noted that most studies involving imaging/
neurophysiology of children with brain injury are by nature
small,?®? hence the need for a reliable scale that can be used to
compare results. Although it remains to be seen whether the scor-
ing method is effective in other types of motor disorders or with
significant bilateral brain abnormalities, our results are promising
and we believe justify further validation of the scoring method
with a larger number of patients with variable subtypes of CP and
acquired brain injury.

CONCLUSIONS

We present a novel MR imaging—based scoring system to describe
brain injury in children with hemiplegia, which demonstrated
high inter- and intrarater reliability and was significantly associ-
ated with MACS classification and motor evaluations. The signif-
icant correlations demonstrated between the proposed score and
motor function status are a promising first step for the validation
of this scoring system in children with hemiplegia. This scoring
system may fill an important gap by providing a standardized
radiologic assessment of brain injury extent in patients with pre-
dominantly unilateral brain injury and thus will allow compari-
son between registries or study groups. It may also provide the
clinician an additional tool for counseling families regarding
prognosis. Further studies will allow for better characterization of
the properties of this instrument.
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ORIGINAL RESEARCH
SPINE

Racial and Health Insurance Disparities of Inpatient Spine
Augmentation for Osteoporotic Vertebral Fractures from

2005 to 2010

C.N. Gu, W. Brinjikji, A.M. El-Sayed, H. Cloft, J.S. McDonald, and D.F. Kallmes

ABSTRACT

BACKGROUND AND PURPOSE: Vertebroplasty and kyphoplasty are frequently utilized in the treatment of symptomatic vertebral body
fractures. While prior studies have demonstrated disparities in the treatment of back pain and care for osteoporotic patients, disparities
in spine augmentation have not been investigated. We investigated racial and health insurance status differences in the use of spine
augmentation for the treatment of osteoporotic vertebral fractures in the United States.

MATERIALS AND METHODS: Using the Nationwide Inpatient Sample from 2005 to 2010, we selected all discharges with a primary
diagnosis of vertebral fracture (International Classification of Diseases-9 code 733.13). Patients who received spine augmentation were
identified by using International Classification of Diseases-9 procedure code 81.65 for vertebroplasty and 81.66 for kyphoplasty. Patients
with a diagnosis of cancer were excluded. We compared usage rates of spine augmentation by race/ethnicity (white, black, Hispanic, and
Asian/Pacific Islander) and insurance status (Medicare, Medicaid, self-pay, and private). Comparisons among groups were made by using x*
tests. A multivariate logistic regression analysis was fit to determine variables associated with spine augmentation use.

RESULTS: A total of 228,329 patients were included in this analysis, of whom 129,206 (56.6%) received spine augmentation. Among patients
with spine augmentation, 97,022 (75%) received kyphoplasty and 32,184 (25%) received vertebroplasty; 57.5% (92,779/161,281) of white
patients received spine augmentation compared with 38.7% (1405/3631) of black patients (P << .001). Hispanic patients had significantly
lower spine augmentation rates compared with white patients (52.3%, 3777/7222, P < .001) as did Asian/Pacific Islander patients (53.1%,
1784/3361, P < .001). The spine augmentation usage rate was 57.2% (114,768/200,662) among patients with Medicare, significantly higher than
that of those with Medicaid (43.9%, 1907/4341, P < .001) and those who self-pay (40.2%, 488/1214, P < .00]).

CONCLUSIONS: Our findings demonstrate substantial racial and health insurance—based disparities in the inpatient use of spinal aug-
mentation for the treatment of osteoporotic vertebral fracture.

ABBREVIATIONS: NIS = Nationwide Inpatient Sample; ICD = International Classification of Diseases

Vertebroplasty and kyphoplasty are frequently used in the
treatment of symptomatic vertebral body fractures." Prior
studies have demonstrated that minority patients are significantly
less likely to receive spine procedures such as cervical diskectomy
for the treatment of pain compared with whites.” The Nationwide
Inpatient Sample (NIS) has been used in a number of prior studies
to demonstrate racial and health insurance status disparities in
access to treatment of a variety of diseases such as deep brain stimu-
lation for Parkinson disease,® revascularization for lower extremity
ischemia,* and surgical/endovascular treatment for intracranial an-
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eurysms.” The goal of this study was to investigate what, if any, racial
or health insurance status disparities existed in the use of spine aug-
mentation for the treatment of osteoporotic fractures in the United
States by analyzing the NIS, a large public data base containing dis-
charge information for nearly 8 million hospitals stays per year.

MATERIALS AND METHODS

Patient Population

We purchased the NIS hospital discharge data base for 2005-2010
from the Healthcare Cost and Utilization Project of the Agency for
Healthcare Research and Quality, Rockville, Maryland.6 The NISisa
hospital discharge data base representing 20% of all inpatient admis-
sions to nonfederal hospitals in the United States. Inclusion criteria
were the following: 1) adult patients who had a primary diagnosis of
vertebral fracture (International Classification of Diseases [ICD]-9
diagnosis code 733.13), and 2) patients treated at centers that per-
formed spine augmentation. Exclusion criteria were the following: 1)
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patients with a diagnosis of cancer (ICD-9, 1400-1991, 2000-2089),
and 2) patients treated at centers not performing spine augmentation
procedures. Patients with vertebroplasty were identified by using the
ICD-9 procedure code 81.65, and patients with kyphoplasty were
identified by using the ICD-9 procedure code 81.66. Hospitals per-
forming spine augmentation were identified by cross-matching
ICD-9 procedure codes with hospital identifier codes. If a hospital
performed =1 spine augmentation procedure in a given year, pa-
tients discharged from that hospital were included in this analysis. In
addition to race and insurance, other demographic variables col-
lected included age, Charlson Comorbidity Index (which predicts
the 10-year mortality for patients with a variety of comorbid condi-
tions),” sex, and the presence of the following comorbidities: conges-
tive heart failure, coronary artery disease, hypertension, hyperlipid-
emia, osteoporosis, diabetes mellitus, obesity, and smoking.

Usage

The usage rate of spine augmentation (combined vertebroplasty
and kyphoplasty) was compared across racial/ethnic groups and
insurance status. Racial/ethnic groups specified in our analysis
included the following categories: white, black, Hispanic, and
Asian/Pacific Islander. Patient insurance status groups specified
in our analysis included Medicare, private insurance, Medicaid,
and self-pay. Two sets of subgroup analyses were performed. First,
we compared the ratio of kyphoplasty and vertebroplasty by ra-
cial/ethnic categories and by insurance category among patients
receiving spine augmentation. Patients who did not receive spine
augmentation were excluded from this analysis. Second, we
compared spine augmentation usage rates by race/ethnicity among
patients whose primary payer was Medicare. The analysis was per-
formed because Medicare was the primary payer for most patients.

Statistical Analysis

First, x> testing was used to study the usage rates of spine augmen-
tation, vertebroplasty, and kyphoplasty. The white race was spec-
ified as the reference for analyses concerned with racial differ-
ences; Medicare was specified as the reference for analyses
concerned with differences by insurance status. Odds ratios are
presented with their corresponding 95% confidence intervals.
Discharge weights were applied throughout our analyses. P val-
ues < .05 were considered statistically significant.

Second, a multivariable logistic regression model of spine aug-
mentation use was fit by insurance status, race, age, Charlson
Comorbidity Index, and sex to assess mutually adjusted dispari-
ties in spine augmentation rates. A second multivariate logic re-
gression model comparing the odds of kyphoplasty use versus
vertebroplasty among patients receiving spine augmentation was
fit by insurance status, race, age, Charlson Comorbidity Index,
and sex. This analysis was performed to assess mutually adjusted
disparities in kyphoplasty usage rates compared with vertebro-
plasty. All statistical analyses were performed by using SAS-based
JMP 9.0 software (www.jmp.com).

RESULTS

Spine Augmentation Use and Demographics

Between 2005 and 2010, a total of 228,329 patients were identified
who were hospitalized with a primary diagnosis of vertebral frac-

2398 Gu Dec2014 www.ajnr.org

ture. Of these patients, 56.6% (129,206/228,329) underwent any
form of spine augmentation. Among patients with spine augmen-
tation, 97,022 (75%) received kyphoplasty and 32,184 patients
(25%) received vertebroplasty. Overall, 79.4% of patients were
women (181,372/228,329), 91.9% (161,281/175,495) were white,
and 88.8% (200,662/225,962) had Medicare. The mean age of the
overall patient population was 78.9 years. The mean age among
patients with spine augmentation was slightly younger (78.6
years) than the mean age of patients without spine augmentation
(79.3 years). Patients with spine augmentation had lower mean
Charlson Comorbidity scores than those without spine augmen-
tation (0.8 = 2.2 versus 0.9 = 2.4, P < .001). Patients with spine
augmentation had significantly lower rates of congestive heart
failure (11.9% versus 16.1%, P < .001) and significantly higher
rates of osteoporosis (71.5% versus 63.1%, P < .001). Demo-
graphic and comorbidity characteristics of the patients in this
study are summarized in Table 1.

Overall Spine Augmentation Use

The spine augmentation usage rate was 57.5% (92,779/161,281)
for white patients, significantly higher than that of black patients
(38.7%, 1405/3631, P < .001), Hispanic patients (52.3%, 3777/
7222,P <.001), and Asian/Pacific Islander patients (53.1%, 1784/
3361, P < .001). The spine augmentation usage rate for patients
with Medicare was 57.2% (114,768/200,662), significantly higher
than that among patients with private insurance (54.2%, 10,766/
19,745, P < .001), those with Medicaid (43.9%, 1907/4341, P <
.001), and those who self-pay (40.2%, 488/1214, P < .001). These
data are summarized in Table 2.

Medicare Subgroup Analysis

In our subgroup analysis considering only patients whose primary
payer was Medicare, we found that black patients with Medicare
had a spine augmentation usage rate of 40.7% (1083/2660), sig-
nificantly lower than that among white patients (57.9%, 83,477/
144,263, P < .001). Hispanic patients also had significantly lower
rates of spine augmentation use compared with white patients
(53.0%, 2870/5326, P < .001) as did Asian/Pacific Islander pa-
tients (54.9%, 1484/2703, P < .001). These data are summarized
in Table 3.

Comparative Use of Kyphoplasty and Vertebroplasty
among Patients with Spine Augmentation
Among white patients receiving spine augmentation procedures,
78.8% (73,059/92,779) underwent kyphoplasty and 21.3%
(19,720/97,779) underwent vertebroplasty. Among black patients
receiving spine augmentation procedures, 78.0% (1096/1405)
underwent kyphoplasty and 22.0% (309/1405) underwent verte-
broplasty (P = .52 compared with white patients). Hispanic pa-
tients with spine augmentation were less likely to receive kyphop-
lasty compared with white patients as 74.0% (2795/3777) of
Hispanic patients received kyphoplasty and 26.0% (982/3777) re-
ceived vertebroplasty (P < .001). Asian/Pacific Islander patients
were also significantly less likely to receive kyphoplasty as 76.4%
(1362/1784) received kyphoplasty and 23.6% (422/1784) received
vertebroplasty (P = .02).

Among patients with Medicare, 76.8% (88,187/114,768) re-



Table 1: Summary of patient demographics for inpatients with vertebral spinal fractures from 2005 to 2010

Patients without Patients with
Variable All Patients Spine Augmentation Spine Augmentation P
Mean age (SD) (yr) 78.9 (24.0) 78.6(217) 793 (26.6) <.001
Female (No.) (%) 18,1372 (79.5) 79,467 (80.2) 10,1905 (78.9) <.001
Mean (SD) (CCl) comorbidities 0.8(2.3) 0.9(2.4) 0.8(22) <.001
Congestive heart failure 31377 (13.7) 15,953 (16.1) 15,424 (11.9) <.001
Coronary artery disease 53,902 (23.6) 23,347 (23.6) 30,555 (23.7) .60
Diabetes mellitus 41,551(18.2) 18,065 (18.2) 23,487 (18.2) 77
Hypertension 14,0843 (617) 61,020 (61.6) 79,824 (61.8) 28
Hyperlipidemia 52,651(23.]) 22,126 (22.3) 30,525 (23.6) <.001
Smoking 14,656 (6.4) 5804 (5.9) 8853 (6.9) <.001
Obesity 7968 (3.5) 3589 (3.6) 4380 (3.4) 003
Osteoporosis 15,4941(67.9) 62,528 (63.)) 92,313 (71.5) <.001
Race (No.) (%)
White 16,1281(91.9) 68,502 (90.4) 92,779 (93.0) <.001
Black 3631(2.7) 2226 (2.9) 1405 (1.4)
Hispanic 7222 (4)) 3445 (4.5) 3777 (3.8)
Asian/Pacific Islander 3361(1.9) 1577 (2.]) 1784 (1.8)
Insurance status (No.) (%)
Medicare 20,0662 (88.8) 85,893 (87.6) 11,4768 (89.7) <.001
Private 19,745 (8.7) 8979 (9.2) 10,766 (8.4)
Medicaid 4341(19) 2434 (2.5) 1907 (1.5)
Self-Pay 1214 (0.5) 725(0.7) 488 (0.4)

Note:—CCl indicates Charlson Comorbidity Index.

Table 2: Use of spine augmentation among 228,329 patients
presenting with a primary diagnosis of vertebral fracture

Table 4: Comparative usage rate of kyphoplasty versus
vertebroplasty among patients with spine augmentation

No. (%) Not No. (%)
Receiving Spine Receiving Spine
Augmentation Augmentation [?

Race
White 68,502 (42.5) 92,779 (57.5) Ref
Black 2226 (61.3) 1405(38.7)  <.001
Hispanic 3445 (47.7) 3777 (52.3)  <.001
Asian/Pacific Islander 1577 (46.9) 1784 (53.1) <.001
Insurance
Medicare 85,893 (42.8) 11,4768 (57.2) Ref
Private 8979 (45.5) 10,766 (54.2)  <.001
Medicaid 2434 (56.1) 1907 (43.9) <.001
Self-Pay 725 (59.8) 488(40.2) <.001

No. (%) No. (%)
Receiving Receiving
Kyphoplasty Vertebroplasty P Value

Race

White 73,059 (78.8) 19,720 (213) Ref

Black 1096 (78.0) 309 (22.0) .52

Hispanic 2795 (74.0) 982(26.0) <.001

Asian/Pacific Islander 1362 (76.4) 422(23.6) 02
Insurance

Medicare 88,187 (76.8) 26,582 (23.2) Ref

Private 8352 (77.6) 2414 (22.4) 08

Medicaid 1360 (71.3) 547 (28.7) <.001

Self-Pay 294 (60.2) 195(39.8)  <.001

Note:—Ref indicates reference.

Table 3: Comparative usage rate of spine augmentation among
patients on Medicare

No. (%) Receiving

Spine Augmentation P Value
Race
White 83,477 (57.9) Ref
Black 1083 (40.7) <.001
Hispanic 2870 (53.0) <.001
Asian/Pacific Islander 1484 (54.9) <.001

Note:—Ref indicates reference.

ceived kyphoplasty and 23.2% (26,582/114,768) received verte-
broplasty. Among patients with private insurance, 77.6% (8352/
10,766) received kyphoplasty and 22.4% (2414/10,766) received
vertebroplasty (P = .08 compared with Medicare). Patients with
Medicaid had significantly lower relative use of kyphoplasty
compared with those with Medicare as 71.3% (1360/1907) re-
ceived kyphoplasty and 28.7% (547/1360) received vertebro-
plasty (P < .001). The same was true for self-pay patients as
60.2% (294/488) received kyphoplasty and 39.8% (195/488)
received vertebroplasty (P < .001). These data are summarized
in Table 4.

Note:—Ref indicates reference.

Multivariable Analysis

After we performed multivariable analysis, black patients had
lower odds of receiving any spine augmentation compared with
whites (OR = 0.46; 95% CI, 0.43—0.49; P < .001). The same was
true for Hispanic patients (OR = 0.83; 95% CI, 0.79-0.99; P <
.001). Patients with private insurance had significantly lower odds
of spine augmentation compared with those with Medicare
(OR = —0.77;95% CI, 0.75-0.80; P < .001) and Medicaid (OR =
0.50;95% CI, 0.47—0.53; P < .001) and those who self-pay (OR =
0.41; 95% CI, 0.37-0.56; P < .001).

Among patients receiving spine augmentation, comparative
use of kyphoplasty was similar between black and white patients
(OR = 0.90; 95% CI, 0.79-1.02; P = .11), though Hispanic pa-
tients had significantly lower use of kyphoplasty compared with
white patients (OR = 0.76;95% CI, 0.70—0.82; P < .001). Patients
with private insurance (OR = 0.85; 95% CI, 0.80—0.89; P < .001),
those with Medicaid (OR = 0.53, 95% CI, 0.48—-0.59; P < .001),
and those who self-paid (OR = 0.35; 95% CI, 0.29-0.42; P <
.001) had significantly lower odds of kyphoplasty use compared
with those with Medicare. These data are summarized in Table 5.
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Table 5: Multivariate analysis

nonoperative management. The Fracture

Odds of Spine Augmentation Odds of Kyphoplasty® Reduction Evaluation study, which ran-

OR (95% Cl) P OR (95% Cl) P domized patients into balloon kyphop-

Race lasty and nonsurgical management, dem-

White Ref Ref Ref Ref onstrated that kyphoplasty was associated

Black 0.46 (0.43-0.49) <.001 0.90(0.79-1.02) Al with improved quality of life.1”

Hi?panic . 0.83(0.79-0.99) <.001 0.76 (0.70-0.82) <.001 While this study was not designed to
Asian/Pacific Islander 0.89(0.84-0.96) .002 0.93 (0.84-1.04) 23 . . >

g —— determine the specific causes behind ra-

Medicare Ref Ref Ref Ref cial and insurance-based disparities, we

Private 0.77 (0.75-0.80) <.001 0.85(0.80-0.89)  <.001 believe that the causes of such disparities
Medicaid 0.50 (0.47-0.53) <.001 053(048-059) <001 are multiple, including but not limited to
Self-Pay 0.41(0.37-0.56) <.001 0.35(0.29-0.42) <.001

physician bias, access to care, patient

Note:—Ref indicates reference.
2 Only patients receiving spine augmentation were included in this analysis.

DISCUSSION

Our study demonstrated significant racial and health insurance—
based disparities in the use of spinal augmentation for the treat-
ment of osteoporotic vertebral fracture. Compared with white
patients, all racial and ethnic minority groups had significantly
lower rates of inpatient spine augmentation. Indeed, less than
one-half of black patients admitted with a primary diagnosis of
vertebral fracture were treated with spine augmentation, while
nearly two-thirds of white patients underwent spine augmenta-
tion. Differences in spine augmentation use among Hispanic and
Asian/Pacific Islander patients compared with white patients were
also statistically significant, but the degree of difference was much
less marked than that seen in black-versus-white patients. Con-
versely, when implemented, the type of augmentation used, either
kypho- or vertebroplasty, was quite similar among racial groups.
Despite the large sample size in our study, there is significant
under-representation of patients who were not white as black pa-
tients composed only 2.7%, Hispanic patients composed 4.1%,
and Asian/Pacific Islander patients composed 1.9% of the sample
size. The reason for this difference is unclear and may be multi-
factorial, including lower fracture rates for black, Hispanic, and
Asian women compared with white women® and disparities in
osteoporosis treatment in these minority groups.”

Similar to race, the insurance provider also had a profound
impact on the use of spine augmentation, with patients with
Medicare and private insurance having augmentation at mark-
edly higher rates than either patients with Medicaid or those who
self-paid. In our multivariate analysis, the differences noted above
were as great or greater than those in the univariate analyses.
Overall, these findings suggest that significant health insurance
status disparities exist in the use of spine augmentation proce-
dures, findings consistent with the already reported disparities in
access to health care by minorities and the uninsured.>'*"'?

These current findings are potentially clinically relevant be-
cause prior studies have shown that patients receiving spine aug-
mentation procedures demonstrate improved survival and qual-
ity of life compared with patients receiving nonoperative
treatment."®'” In a study of the 2006 Medicare Provider Analysis

and Review File data base, Chen et al'® demonstrated that patients
who underwent vertebroplasty and kyphoplasty had significantly

higher 3-year survival rates compared with patients receiving
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preferences, and communication barri-

ers."®2*> While high costs of spine aug-

mentation procedures could contribute
to the lower rates of spine augmentation in some groups, our
subgroup analysis of patients with Medicare demonstrated that
racial minorities still had lower rates of spine augmentation de-
spite having the same type of insurance as their white counter-
parts. Racial disparities in the care of patients with osteoporosis
have been previously identified. In a study of patients with Medi-
care and osteoporotic fractures, Liu et al®** demonstrated that
black patients were significantly less likely to receive both prefrac-
ture and postfracture care compared with white patients. Yoo et
al*® demonstrated significant racial disparities in osteoporosis
drug maintenance therapy between black and white patients, es-
pecially among patients with Medicare, among whom supple-
mentary health insurance was not affordable.

Insurance-based disparities in spine augmentation use may, at
least in part, be explained by costs. In general, Medicare provides
higher reimbursement rates for all medical services compared
with Medicaid. In 2013, the Medicaid-to-Medicare fee index was
0.66 across the entire United States.”® The inability of patients
who self-pay and those with Medicaid to pay for the costs associ-
ated with spine augmentation could contribute to their lower rate
of spine augmentation use overall. Cost differences may also ex-
plain our finding that patients with Medicaid and those who self-
pay had significantly lower usage rates of kyphoplasty compared
with patients who were privately insured, because kyphoplasty
has been reported to cost between 2 and 20 times more than
vertebroplasty.>”*® It is unclear to us as to why patients who were
privately insured used spine augmentation less than those with
Medicare in our study; one theory may be that there are preau-
thorization barriers that discourage the use of spine augmentation
in this population.

Several prior studies have demonstrated disparities in the sur-
gical treatment of back pain. Carey et al demonstrated that hos-
pitalization and surgery rates were significantly lower in black
patients with chronic back pain.*® In a study of the Nationwide

1°° found that racial minorities were

Inpatient Sample, Alosh et a
significantly less likely to receive cervical spine surgery for the
treatment of degenerative cervical spine disease. The Alosh et al
study also demonstrated that patients with Medicaid were signif-
icantly less likely to receive surgery compared with those with
private insurance.*® In a study of Workers’ Compensation claims

131

in Missouri, Chibnall et al’' found that white patients were sig-

nificantly more likely to receive a diagnosis of a herniated disk and



that among those with such a diagnosis, whites were significantly
more likely to undergo surgery compared with black patients.
These studies further support our findings that minorities and the
underinsured are treated differently for spine disease.

There are several limitations to our study. Our use of broad
racial designations (white, black, Hispanic, Asian/Pacific Is-
lander) in an effort to maintain consistency within the NIS data
base may have limited our sample population because some racial
groups are heterogeneous. Despite our ability to demonstrate us-
age disparities, we did not analyze outcome data for these proce-
dures and cannot comment on morbidity or postoperative func-
tional status across groups. Our study only examined disparities
among inpatients diagnosed with osteoporotic vertebral frac-
tures. However, a prior study of Medicare enrollees found that
only 40% of vertebroplasties between 2001 and 2005 were per-
formed as inpatient procedures. In addition, while the NIS is a
large inpatient data base, it does not include federally funded
health care facilities. It is unclear to us as to why privately insured
patients used spine augmentation less than Medicare patients in
our study; one theory may be that there are preauthorization bar-
riers that discourage the use of spine augmentation in this popu-
lation. As with any analysis of a large data base, errors in coding
are also a potential limitation,”* though error rates are likely sim-
ilar between racial and insurance groups. Finally, given the very
large size of the data base, numerous comparisons reach statistical
significance yet have a very small, absolute difference; we have
attempted throughout the article to highlight differences that may
be clinically relevant.

CONCLUSIONS

Our study demonstrated significant racial and health insurance—
based disparities in the use of spine augmentation for the treat-
ment of osteoporotic vertebral fractures. Significantly more white
patients received spine augmentation compared with black, His-
panic, and Asian/Pacific Islander patients and significantly more
patients with Medicare received spine augmentation compared
with those with Medicaid and those who self-pay. While our find-
ings echo many of the already reported disparities in surgical care,
further research is needed to explain the underlying cause.
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21° Annual Blood-Brain Barrier Consortium Meeting
March 19-21, 2015
Skamania Lodge in Stevenson, Washington

The 2015 Annual Blood-Brain Barrier Consortium Meeting will be held March 19-21 at Skamania
Lodge in Stevenson, Washington. The meeting will include a state-of-the-art pre-clinical and
clinical neuroimaging session titled “Imaging the Neurovascular Unit: Permeability, Blood
Volume, and Functional Imaging”. The meeting is partially funded by a National Institutes of
Health R13 grant, with support from the National Cancer Institute, National Institute of
Neurological Disorders and Stroke, and National Institute of Deafness and Communication
Disorders, and is organized in collaboration with the International Brain Barriers Society.

For more information, please visit www.ohsu.edu/bbb




Trevo® XP ProVue Retrievers

See package insert for complete indications,
complications, warnings, and instructions
for use.

INDICATIONS FOR USE

The Trevo Retriever is intended to restore blood flow in
the neurovasculature by removing thrombus in patients
experiencing ischemic stroke within 8 hours of symptom
onset. Patients who are ineligible for intravenous tissue
plasminogen activator (IV t-PA) or who fail IV t-PA therapy
are candidates for treatment.

COMPLICATIONS

Procedures requiring percutaneous catheter introduction
should not be attempted by physicians unfamiliar with
possible complications which may occur during or after
the procedure. Possible complications include, but are
not limited to, the following: air embolism; hematoma or

hemorrhage at puncture site; infection; distal embolization;

pain/headache; vessel spasm, thrombosis, dissection, or
perforation; emboli; acute occlusion; ischemia; intracranial
hemorrhage; false aneurysm formation; neurological
deficits including stroke; and death.

COMPATIBILITY

3x20 mm retrievers are compatible with

Treva® Pro 14 Microcatheters (REF 90231)

and Trevo® Pro 18 Microcatheters (REF 90238).

4x20 mm retrievers are compatible with

Trevo® Pro 18 Microcatheters (REF 90238). Compatibility
of the Retriever with other microcatheters has not been
established. Performance of the Retriever device may be
impacted if a different microcatheter is used.

The Merci® Balloon Guide Catheters are recommended
for use during thrombus removal procedures.

Retrievers are compatible with the

Abbott Vascular DOC® Guide Wire Extension (REF 22260)

Copyright © 2014 Stryker
NV00009028.AA

WARNINGS

e Contents supplied STERILE, using an ethylene oxide (EQ)
process.Nonpyrogenic.

* To reduce risk of vessel damage, adhere to the following
recommendations:

— Take care to appropriately size Retriever to vessel
diameter at intended site of deployment.

— Do not perform more than six (6) retrieval attempts in
same vessel using Retriever devices.

— Maintain Retriever position in vessel when removing
or exchanging Microcatheter.

© To reduce risk of kinking/fracture, adhere to the following
recommendations:

— Immediately after unsheathing Retriever, position
Microcatheter tip marker just proximal to shaped
section. Maintain Microcatheter tip marker just
proximal to shaped section of Retriever during
manipulation and withdrawal.

— Do not rotate or torque Retriever.

— Use caution when passing Retriever through stented
arteries.

Do not resterilize and reuse. Structural integrity and/or
function may be impaired by reuse or cleaning.

o The Retriever is a delicate instrument and should be
handled carefully. Before use and when possible during
procedure, inspect device carefully for damage. Do not
use a device that shows signs of damage. Damage
may prevent device from functioning and may cause
complications.

© Do not advance or withdraw Retriever against resistance
or significant vasospasm. Moving or torquing device
against resistance or significant vasospasm may result in
damage to vessel or device. Assess cause of resistance
using fluoroscopy and if needed resheath the device to
withdraw.

o |f Retriever is difficult to withdraw from the vessel, do
not torque Retriever. Advance Microcatheter distally,
gently pull Retriever back into Microcatheter, and
remove Retriever and Microcatheter as a unit. If undue
resistance is met when withdrawing the Retriever into
the Microcatheter, consider extending the Retriever
using the Abbott Vascular DOC guidewire extension
(REF 22260) so that the Microcatheter can be exchanged
for a larger diameter catheter such as a DAC® catheter.
Gently withdraw the Retriever into the larger diameter
catheter.

e Administer anti-coagulation and anti-platelet
medications per standard institutional guidelines.

PRECAUTIONS

e Prescription only — device restricted to use by or on order
of a physician.

e Store in cool, dry, dark place.

e Do not use open or damaged packages.

e Use by “Use By" date.

e Exposure to temperatures above 54°C (130°F) may
damage device and accessories. Do not autoclave.

¢ Do not expose Retriever to solvents.

e Use Retriever in conjunction with fluoroscopic
visualization and proper anti-coagulation agents.

e To prevent thrombus formation and contrast media
crystal formation, maintain a constant infusion of
appropriate flush solution between guide catheter and
Microcatheter and between Microcatheter and Retriever
or guidewire.

e Do not attach a torque device to the shaped proximal
end of DOC® Compatible Retriever. Damage may occur,
preventing ability to attach DOC® Guide Wire Extension.
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Trevo® XP

PROVUE RETRIEVER

Take Control. Capture More.

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.

stryker

Neurovascular

ﬁ%%%gggég?;4 SLE Stroke: Our Only Focus. Our Ongoing Promise.




10.0%

ADAPT FAST?
10/100

Stent retriever +
Aspiration?
6/105

Manual Aspiration
Thrombectomy
(MAT)*
STAR! Stent retriever 4n12
4/202 ACE™ or ACE™ or
i Solitaire™ 5MAX™ 5MAX™ Navien™
Tota | Em b O | | device catheter catheter catheter

Numbers don't lie.

Using the Solitaire™ device first results in the lowest recorded
instances of distal emboli, especially when compared to ADAPT.

For you, and your acute ischemic stroke patients, outcomes make all the difference.
That’s why evaluating and understanding the differences in the data, across multiple
clinical studies, is soimportant to delivering the best possible outcomes and quality of
life after stroke.

The Solitaire™ revascularization device has been more rigorously tested'-¢ than any
othermechanicalthrombectomydevice. With consistent results showingsignificantly
lower total emboli#, unrivaled* neurological outcomes'”, and the lowest observed
mortality’”’, the Solitaire™ device is demonstrably the fastest route to
better outcomes.

Solitaire” Revascularization Device = COVlDlEN

* mRS = 2 over 50% in a published study.

REFERENCES 1. Pereira V, Gralla J, Davalos A, et al. Prospective, Multicenter, Single-Arm Study of Mechanical Thrombectomy Using Solitaire Flow Restoration in Acute Ischemic Stroke. Stroke. 2013;44:2802-2807. 2. Humphries W,
Hoit D, Doss VT, et al. J Neurolntervent Surg. doi:10.1136/neurintsurg-2013-010986. Data self reported. 3. Turk AS, Frei D, Fiorella D, et al. J Neurolntervent Surg. doi:10.1136/neurintsurg-2014-011125. Data self reported. 4. Jankowitz
B, Grandhi R, Horev A, et al. J Neurolntervent Surg. doi:10.1136/neurintsurg-2013-011024. Data self reported. 5. Saver JL, Jahan R, Levy El, et al. SWIFT Trialists. Solitaire flow restoration device versus the Merci Retriever in patients
with acute ischemic stroke (SWIFT): a randomized, parallel-group, non-inferiority trial. Lancet. 2012;380(9849):1241-1249. 6. Jahan R, Liebeskind D, Nogueira R, et al.For SWIFT Investigators. Abstract 163: TICI success rates in SWIFT:
comparison between randomized arms and correlation to 90 day neurologic outcome. Stroke. 2013;44:A163. 7. Davalos A, Pereira VM, Chapot R, et al. Solitaire Group. Retrospective multicenter study of Solitaire FR for revascularization
in the treatment of acute ischemic stroke. Stroke. 2012;43(10):2699-2705.

The Solitaire™ revascularization device is intended to restore blood flow by removing thrombus from a large intracranial vessel in patients experiencing ischemic stroke within 8 hours of symptom onset. Patients who are ineligible for
intravenous tissue plasminogen activator (IV t-PA) or who fail IV t-PA therapy are candidates for treatment. Indications, contraindications, warnings and instructions for use can be found on the product labeling supplied with each device.
CAUTION: Federal (USA) law restricts this device to sale by or on the order of a physician.

COVIDIEN, COVIDIEN with Logo, and Covidien Logo are US and internationally registered trademarks of Covidien AG. TM* Trademark of its respective owner. Other brands are trademarks of a Covidien company.
©2014 Covidien. MK1138072014A
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