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REVIEW ARTICLE

Preserving Access: A Review of Stroke Thrombectomy during
the COVID-19 Pandemic

T.M. Leslie-Mazwi, K.M. Fargen, M. Levitt, C.P. Derdeyn, S.K. Feske, A.B. Patel, and J.A. Hirsch

ABSTRACT

SUMMARY: Thrombectomy for large-vessel-occlusion stroke is a highly impactful treatment. The spread of coronavirus 19 (COVID-
19) across the United States and the globe impacts access to this crucial intervention through widespread societal and institutional
changes. In this document, we review the implications of COVID-19 on the emergency care of large-vessel occlusion stroke, review-
ing specific infection-control recommendations, available literature, existing resources, and expert consensus. As a population,
patients with large-vessel occlusion stroke face unique challenges during pandemics. These are broad in scope. Responses to these
challenges through adaptation of stroke systems of care and with imaging, thrombectomy, and postprocedural care are detailed.
Preservation of access to thrombectomy must be prioritized for its public health impact. While the extent of required changes will
vary by region, tiered planning for both escalation and de-escalation of measures must be a part of each practice. In addition,
preparations described serve as templates in the event of future pandemics.

ABBREVIATIONS: ACE2 ¼ angiotensin-converting enzyme 2; COVID-19 ¼ coronavirus disease 19; ICU ¼ intensive care unit; LVO ¼ large-vessel occlusion;
PPE ¼ personal protective equipment; SARS-CoV-2 ¼ Severe Acute Respiratory Syndrome coronavirus 2

The Severe Acute Respiratory Syndrome coronavirus 2
(SARS-CoV-2) is documented as entering the human pop-

ulation in Hubei province in China in late 2019.1,2 The virus,
when symptomatic, causes a predominantly respiratory illness
with involvement of other organ systems, labeled coronavirus
2019 (COVID-19).3 The infection has spread across the globe.
Since the first case in Washington state in January 2020, the
disease has been reported in all 50 states and at least 8 juris-
dictions.4 The infection reached pandemic proportions by
March 11, 2020, with sustained risk of further global spread.5

At the time of this writing, confirmed cases and mortality
continue to rise.

In this document, we review the implications of this pandemic
for the emergency care of large-vessel occlusion (LVO) stroke.6

Thrombectomy for patients with LVO is one of the most power-
ful and impactful treatments in the history of medicine.7-9 The
COVID-19 pandemic threatens access to this crucial intervention.
The American Heart Association/American Stroke Association
has released temporary emergency guidelines for stroke centers in
the United States.10 It is anticipated that these will be revised and
expanded as available evidence and experience increase. The focus
of this article is specifically LVO stroke and its triage and manage-
ment under these new conditions.

SARS-COV-2 and LVO Stroke
Knowledge of the effect of SARS-CoV-2 on the cerebrovascular
system is limited. The functional receptor for coronaviruses inva-
sion into the human body is the angiotensin-converting enzyme
2 (ACE2), a membrane-bound aminopeptidase highly expressed
in cardiac, vascular, and pulmonary tissue. ACE2 appears to play
a crucial vascular and immunologic role.11 Patients with underly-
ing cardiovascular disease have more severe COVID-19 symp-
toms,12 presumably associated with increased expression of
ACE2. SARS-CoV-2 has been identified in postmortem brains,13

but direct cerebrovascular effects remain unknown.
In a 1527-patient sample from China, a combined data point

of cardiac or cerebrovascular disease was found in 16.4% of the
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total cohort but was 3 times more likely to occur in patients in in-
tensive care settings.14 In an article under peer review, 2.3% of
214 hospitalized patients with COVID-19 (and 4.6% of 88
severely affected patients) developed acute ischemic stroke during
the course of the illness.15

COVID-19-induced inflammation, hypoxia, and diffuse intra-
vascular coagulation increase the risk of arterial thromboembolic
disease16,17 and, therefore, presumably LVO stroke. Other poten-
tial mechanisms for arterial stroke in patients with COVID-19
include widespread proinflammatory cytokine responses, athero-
sclerotic plaque rupture due to local inflammation, hemodynamic
changes predisposing to thrombosis or cerebral ischemia, and
profound hypoxia.18,19 Furthermore, LVO stroke in the COVID-
19 population may be associated with worse outcomes because of
reduced cardiovascular reserve.20 The relative contributions of
these factors remain to be explored, but early reports may indi-
cate a meaningful rate of cerebrovascular events in patients with
COVID-19.15,21,22 Indeed, LVO stroke may be a presenting fea-
ture of the disease for a subset of patients with COVID-19.

Unique Challenges for the LVO Population during a
Pandemic
Beyond the direct biologic considerations, other unique chal-
lenges exist for patients with LVO in the context of the current
pandemic. COVID-19 causes the most severe illness in the elderly
with underlying cardiovascular and respiratory disease. These are
phenotypes shared by many patients presenting with acute ische-
mic stroke, and comorbidities may represent an insurmountable
challenge for the COVID-19-positive LVO population.

Requisite social distancing and self-isolation may cause
patients with severe stroke to be less likely to be discovered by
family or friends, increasing the time from symptom onset to mo-
bilization of emergency services. Fear of contracting COVID-19
may limit willingness to present to health care.23 Additionally,
prolonged social distancing or quarantine may produce other
consequences because social isolation is a recognized independ-
ent risk factor for mortality.24

There is a substantial strain on emergency systems during
pandemics. Burdening of ambulance transports further con-
tributes to delays. The need for separation also disrupts the
team-based approach that underlies the stroke chain of care.
Communication, central to treatment decisions, may be more
difficult, including with family members who may not be with
the patient physically. Patients with stroke are often transferred
with fragmented or limited history available, making symptom
detection for respiratory disease unreliable.

Transfers typically occur under conditions of intense time
pressure, with disability at stake for patients and risk of infection
for providers. Patients with LVO transferred from centers to
which they initially present to centers that provide thrombectomy
carry the risk of spreading infection. The steps necessary for
appropriate precautions mean that time metrics for quality-of-
care initiatives and certification purposes will likely be impaired.

Finally, the LVO stroke population has broad intensive care
needs and often a prolonged need for institutionalization (hospi-
tals or rehabilitation centers). Demand for personal protective
equipment (PPE), ventilators, intensive care unit (ICU) beds, and

other hospital resources by patients with COVID-19 may disrupt
the capacity to provide the high level of care required by the LVO
population. These varied considerations are particularly impor-
tant as treatment rates for LVO continue to increase, with throm-
bectomy occurring more than every other day at many centers.25

Guiding Principles for the Pandemic Response
Given this background, certain principles must guide the collec-
tive response to all aspects of care of patients with LVO stroke
during the COVID-19 pandemic:

1. We must find the appropriate balance between patient access
and outcomes and the necessary compromises for provider
and patient safety. Attempting to maintain historic metrics
despite the multiple new considerations of COVID-19 places
our health care providers at risk. However, protecting access
to the remarkably potent therapeutic effect of thrombectomy
is an imperative. Questions concerning which compromises
are acceptable, effective, or appropriate remain open.

2. We must anticipate a rapid pace of change. In response to
shifting data, recommended approaches change regularly.
Therefore, stroke services must remain nimble and stay in
communication with each other and hospital, regional, and
national leadership. Frequent review of protocols is necessary,
with clear lines of dissemination of changes.

3. We must strive for collaborative, noncompetitive, multidisci-
plinary interactions. The impact of this pandemic crosses
specialty lines. It is essential that adequate exchange of infor-
mation be available to identify emerging trends and thera-
peutic targets in the pandemic. Considerations of nationality,
influence, reimbursement, and practice scope must be super-
seded by the need for collective action and information.
Lessons learned in other practice environments already
affected by the disease (China, Italy,26 Singapore,27 Spain,
and elsewhere) can be applied to decisions made in emerging
pandemic epicenters.

These principles apply to all areas of LVO care.

Considerations for Stroke Systems of Care
COVID-19 will necessitate many changes in stroke care systems.
Stroke networks must take charge of these changes to achieve the
following goals: to provide unbroken access for patients to
thrombectomy during the COVID-19 pandemic, distribute
patients to open centers, minimize the time that referring hospi-
tals spend searching for an accepting center, and simplify organi-
zation and communication. Meeting these goals will need to
occur in the context of increasing resource use in the treatment
of patients affected by the COVID-19 pandemic, which has al-
ready strained emergency department, ICU, anesthesia, and oper-
ating room resources.

Elective cases and clinics progressively have to be deferred to
comply with social distancing and to conserve ICU capacity, ven-
tilators, staff, and PPE for burgeoning COVID-19 caseloads.
Decisions will be individualized on the basis of local conditions,
but many US practices have already enacted these measures in
regions where COVID-19 cases are escalating rapidly.
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Messaging to patients should be clear, and a process instituted
to ensure that once normalcy returns, patients can be resched-
uled. In the early stages of the pandemic, case priority strata may
be formed (for example, interventions over diagnostic angio-
grams), but as the pandemic gains increasing ground, all none-
mergent procedures may need to be cancelled. As much as
possible, thrombectomy for LVO should be protected from this
withdrawal of services. Given the extraordinarily low number
needed to treat and the risk of severe disability or death, coupled
with the time sensitivity of the condition, thrombectomy should
remain a protected and available treatment option. If system
stress due to COVID-19 is extreme, criteria may need to be estab-
lished for patient-treatment selection, with diminishing indica-
tions for thrombectomy procedures. For example, patients with
medium vessel occlusions, large ischemic cores or very-late-win-
dow presentations may no longer be offered thrombectomy if the
pandemic has a drastic local effect.

Health care workers are at risk of contracting the virus.28

Institutional protocols must be reviewed to incorporate isolation
procedures for the care of patients with LVO. Rarely will a patient
be transferred for thrombectomy with a known COVID-19 dis-
ease status; more typically, a patient’s COVID-19 status will be
unknown with variable levels of suspicion. Furthermore, absence
of patient symptoms cannot provide complete reassurance
because this does not ensure lack of infection or inability to trans-
mit the virus.29,30 Screening of transfer patients or emergency
department admissions for COVID-19 risk should be under-
taken. Screens should include symptoms (including nonrespira-
tory),31 history of exposure to possible infected individuals or
high-risk professions, travel or geographic areas, and any recent
COVID-19 testing with results.

Protective staff measures must include PPE for any exposure
to a patient considered a potential COVID-19 case. Essential PPE
includes, currently, at a minimum, gown, gloves, goggles (or face
shields), and (depending on the degree of potential exposure) a
surgical mask or either an N-95 mask or Powered Air-Purifying
Respirators (PAPRs). The goal is prevention of viral particles con-
tacting mucous membranes. As local infection rates intensify,
COVID-19 staff may be required to take PPE precautions from
emergency department arrival irrespective of symptom checklists
for all presenting patients. This approach was applied in regions
of Wuhan and Lombardy during the peak of the pandemic
there.32 Training staff on proper PPE donning and doffing tech-
niques must be provided and documented. Symptom awareness
and monitoring must extend across the entire care spectrum.
Some centers are currently requiring all clinical staff to self-attest
at the beginning of each shift to being COVID-19-symptom-free.
A culture of nonstigmatized self-quarantine when infectious
symptoms are present should be cultivated, and all providers
should have access to testing.

In the face of COVID-19, staffing models will need to evolve.
As infection becomes ubiquitous throughout health care systems,
many staff will become secondarily infected and require treat-
ment or will have to self-quarantine due to exposure history. This
scenario poses challenges because at baseline, many hospitals run
on limited staffing models. A 2019 survey of neurointerventional
physicians revealed that 50% of physicians take mechanical

thrombectomy calls daily or every second day.33 The situation is
similar for neurointerventional nurses and radiology technolo-
gists; in a recent study from 20 stroke centers in the United
States, less than half had call pools for stroke that exceeded 6 total
nurses or technologists.34 Hospitals, due to these limited teams,
are, therefore, susceptible to severe disruption by viral infection
or furloughs for staff exposure.

Effort to reduce simultaneous exposure must therefore be
intensified. Any meetings among stroke providers (neurointer-
ventional or otherwise) should be held virtually, including
teaching sessions in academic settings, to prevent the risk of in-
advertent exposure. In the most extreme versions of such social
distancing regimens, no members of the neurointerventional
team are routinely present at the hospital at all but remain avail-
able for emergencies only, including conducting all consults
remotely. As the volume of infected personnel increases, many
stroke service components will need to operate with minimal
staffing of a few noninfected or previously infected but now
recovered team members. If infection breaches a critical thresh-
old, some emergency LVO services (including even ambulance
transport) may not be possible at all. Call schedules need to be
constructed with increased reserve to account for the possibility
of losing members of a team during self-isolation periods.

Care systems must decide on emergency medical service pro-
tocols and sequential routing policies for patients with LVO to
thrombectomy-capable centers if capacity is exceeded at 1 facility.
In Lombardy, all catheter interventions were localized to a hand-
ful of sites, given the strain the rest of the region experienced
from the needs of patients with COVID-19. For acute cardiac
interventions, a total of 13 hubs were selected of 55 capable hospi-
tals. These designated “hubs” accepted patients transferred from
corresponding “spokes,”32 allowing resources to be condensed
and therefore consistently available for catheter-based interven-
tions. Engagement of emergency medical service is a key piece of
this routing effort to coordinate available thrombectomy for a
region. Additionally, referring hospitals must be aware that
thrombectomy services are continuing and of any routing policies
if these are required. Hospital leadership at thrombectomy-capa-
ble centers should provide assurance that beds will remain avail-
able for such emergencies. Furthermore, insurance providers will
need flexibility for out-of-network care, for example in the form
of prearranged COVID-19 waivers.

Care systems will likely see a slowing of LVO care. Time met-
rics (door-to-CT, door-to-reperfusion, and so forth) may be dra-
matically affected due to slower stroke identification in the field,
overburdened emergency departments, and difficulties in timely
hospital transfers. Delays were observed in cardiac catheterization
procedures in Hong Kong during the disease peak, primarily
related to longer times from symptom onset to first medical con-
tact and increased PPE requirements.35 These delays must be
acknowledged by certifying organizations as an unavoidable con-
sequence of care under the current conditions.

Finally, sharing of best practices between centers allows
combined flexibility of thought and planning to meet the rapid
pace of adaptation in pandemics. This may be formalized into
weekly virtual meetings among thrombectomy-capable centers
or informally among looser networks of providers. In New
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England, for example, the 8 thrombectomy-capable centers in
Massachusetts and the centers in the neighboring states
(Maine, New Hampshire, Vermont, Rhode Island, and
Connecticut) have held a weekly virtual meeting during the
pandemic to discuss and compare approaches and centralized
information about the capacity to take patients for thrombec-
tomy. This provides statewide coordination. Careful collection
of data throughout, using Get With the Guidelines–Stroke
(https://www.heart.org/en/professional/quality-improvement/
get-with-the-guidelines/get-with-the-guidelines-stroke) or other
platforms, will ensure the retrospective opportunity to assess
the impact of emergency measures.

Considerations for Stroke Imaging
Radiology technologists and other staff will encounter patients
with LVO stroke early in the course of their evaluation, possibly
before full vetting of the COVID-19 risk has occurred. The lowest
number of staff necessary to transport patients to the scanner,
move them onto the CT or MR imaging table, perform imaging,
and then transport them to the next therapeutic destination
should be the goal. Universal PPE use may be required in later
stages of the pandemic, but symptom-triggered precautions are
likely acceptable early on.

The role of adding CT chest imaging to scanning for patients
presenting with stroke symptoms is yet to be validated, though
CT findings are sensitive to COVID-19.36,37 While this is cur-
rently not formally recommended in LVO evaluation, it has been
applied in certain highly endemic areas. However, patients may
become symptomatic later in their disease course, so if applied,
this should not provide a false sense of reassurance in endemic
areas.

Those who perform scanner cleaning after imaging patients at
high risk of COVID-19 must account for the possibility of pro-
longed virus persistence on surfaces.38 In centers with multiple
scanners, there may be a logistic benefit to the designation of
“clean” and “dirty” scanners for localizing PPE supplies, cleaning
supplies, and other components of pandemic response. This may
impact stroke workflow.

Finally, delays may be incurred in the interpretation of imag-
ing depending on the location of the radiologist. For reads per-
formed remotely in either a reading room or from a remote
location outside the hospital, data transfers may delay radiologist
response times. This delay may be less of a concern for centers
with automated imaging interpretation,39 but data under current
pandemic conditions are not available for verification.

Considerations for Thrombectomy Procedures
While procedural fundamentals are unchanged, there are various
considerations for the actual procedural aspects of LVO care dur-
ing the COVID-19 pandemic. The concept of a protected code
stroke algorithm has been recently introduced to the literature,40

reflecting the combined goal of emergent service provision and
protection of service providers.

Consent for cases cannot occur in person because of
remotely positioned teams and the need for social distancing.
Dual attending consent (neurology and neurointerventional
attending consensus) offers an option when family members

cannot be contacted, given that thrombectomy is the recom-
mended standard of care. Witnessed telephone consent in con-
ference call format for patients with indications outside the
prescribed guidelines should be pursued. Family updates by
telephone or video will keep relatives informed of treatment
decisions and disease course. In areas dealing with a large vol-
ume of patients with COVID-19, hospital visitors may not be
allowed at all, and telephone or video contact represents the
link between family and the care system. Virtual connections
can also be established at the procedural suite to allow non-neu-
rointerventional members of the care team to participate in col-
laborative case decisions without their physical presence.

Procedural PPE use should be equivalent for all members of
the care team (anesthesia, nursing, proceduralists, technologists,
and so forth), and the number of staff members in a room should
be strictly minimized. COVID-19 status and the PPE application
process should be reviewed as part of the preprocedural case dis-
cussion with the care team (huddle). Caution should be taken
with potential in-room exposures, including opening of cabinets
for equipment. Equipment should be removed from storage cabi-
nets if these are in the procedure room and placed in an accessi-
ble location that is not at risk of contamination.

Sedation choices for thrombectomy present challenges in the
midst of a respiratory pandemic. Currently practice varies for
the use of general anesthesia or conscious sedation during these
cases. Limited published data are available at this time to guide
decisions.41,42 Intubation carries the appeal of a closed respiratory
circuit, in theory exposing the staff caring for the patient to less
viral load. However, bag-mask ventilation and intubation itself
are highly aerosol-generating procedures. If required, all aerosol-
generating procedures should ideally be accomplished in a nega-
tive pressure environment. The minimum number of staff
required for intubation should be in attendance in full PPE.
Beyond the use of video laryngoscopy to protect anesthesia staff,
innovative modifications of the intubation technique are being
explored.43 With intubation and a closed respiratory circuit, the
load of viral particles in the environment is reduced. However,
any breach in the respiratory circuit (tube disconnections during
transfer of the patient to the procedural table from the stretcher,
suctioning, unrecognized cuff leak, or ventilator change) risks an
exposure to individuals who may be falsely reassured by the
patient’s intubated status. Use of conscious sedation when possi-
ble avoids this intense aerosolization. The utility of a mask worn
by a patient with suspected or confirmed COVID-1940 (as well as
PPE for providers) depends on the status of the patient’s airway.
If there is concern for airway patency or vomiting, then patient
masks should be avoided. Irrespective of the individual approach
to procedural sedation, all participants in mechanical thrombec-
tomy must be well-versed in the use of PPE and appropriate pre-
cautions, including the proper techniques for donning and
doffing.

Procedural sedation choices have implications beyond throm-
bectomy. Current recommendations for intubated patients are to
avoid extubating in the angiography suite (unless the suite is a
negative pressure environment).44 Intubated patients require
ventilators for both transport and care in the ICU. Conscious
sedation potentially avoids occupying a ventilator (and therefore
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an ICU bed) should a shortage exist. These airway considerations
were reinforced in a recent release from the Society of
Neurointerventional Surgery.44,45 Local practice conditions will
heavily influence decisions about sedation management for
patients with LVO.

Postprocedural Considerations
Postprocedure, the patient’s destination can be determined by the
nature of the case and the condition of the patient. Typically,
ICU care is required, but patients who are doing well may be con-
sidered for observation in postoperative units before admission
to a floor if ICU beds are limited or unavailable.44 In addition to
the typical stroke work-up, COVID-19 testing should be per-
formed on all patients with stroke and prioritized because of
implications for procedures such as swallowing evaluations and
diagnostic work-up, as well as rehabilitation placement. This will
assist with bed availability by ensuring more expeditious hospital
throughput.

Other Aspects of Thrombectomy during This Pandemic
Other components of this pandemic are important to acknowl-
edge as they relate to thrombectomy. Family stress is high for all
team members, with the unique situation of possible quarantine
from family either at home or in an off-site location removed
from the home, which increases isolation and anxiety.46,47 Family
and friends of team members will also experience stress related to
the changes required during these times. Strategies should be
shared for minimizing home exposures, including a defined in-
home doffing area, laundry, showering after arrival home, and
other measures that may be helpful in decreasing the risk of
spread.

Empathy for colleagues is essential, including awareness of
mental health stress. The possibility of extended time on-call
increases the risk of mental health issues and poor clinical per-
formance.48 Team communication with clarity and immediacy
will aid in maintaining morale. Cross-coverage between different
role groups if furloughs for health become extensive should be
expected. Finally, reimbursement and call coverage costs for care
teams will be impaired in the larger context of the massive eco-
nomic implications of the pandemic. Hospital leadership will be
expected to address these concerns for the teams on the front
lines of the pandemic battle.

CONCLUSIONS
Thrombectomy for selected patients with acute ischemic stroke
and LVO has a magnitude of benefit that exceeds almost any
other time-critical intervention.49 Access to thrombectomy must
be maintained in the face of the current pandemic. This article
outlines options to be considered. Tiered planning for both esca-
lation and de-escalation of protective measures must be a part of
each practice. As the pandemic gradually ebbs, the measures
instituted can be peeled back in reverse order to allow a measured
return to full capacity. The extent and magnitude of the changes
required are not yet clear. In addition, preparations as described
here should serve as templates to prepare us better for the next
pandemic.50,51 By considering these issues in our pandemic

response, we create a more resilient overall system of care for
patients with LVO stroke everywhere.
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REVIEW ARTICLE

Tandem Carotid Lesions in Acute Ischemic Stroke:
Mechanisms, Therapeutic Challenges, and Future Directions

A.Y. Poppe, G. Jacquin, D. Roy, C. Stapf, and L. Derex

ABSTRACT

SUMMARY: Approximately 15% of patients undergoing endovascular thrombectomy for anterior circulation acute ischemic stroke
have a tandem lesion, defined as a severe stenosis or occlusion of the cervical internal carotid artery ipsilateral to its intracranial
occlusion. Patients with tandem lesions have worse outcomes than patients with isolated intracranial occlusions, but the optimal
management of their carotid lesions during endovascular thrombectomy remains controversial. The main options commonly used
in current practice include acute stent placement in the carotid lesion versus thrombectomy alone without definitive revasculariza-
tion of the carotid artery. While treatment decisions for these patients are often complex and strategies vary according to clinical,
anatomic, and technical considerations, only results from randomized trials comparing these approaches are likely to strengthen
current recommendations and optimize patient care.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; c-ICA ¼ cervical internal carotid artery; EVT ¼ endovascular thrombectomy; IVT ¼ intravenous thrombolysis;
TL ¼ tandem lesion

Approximately 15% of patients undergoing endovascular
thrombectomy (EVT) for anterior circulation acute ischemic

stroke (AIS) have a tandem lesion (TL), defined as a severe stenosis
or occlusion of the cervical internal carotid artery (c-ICA) ipsilat-
eral to its intracranial occlusion.1 Studies of patients with TLs have
generally included more men than women (approximately 60%
versus 40%),2 which likely reflects a true difference in the preva-
lence of carotid atherosclerosis according to sex.3 Epidemiologic
studies have also shown that extracranial artery disease is more
prevalent among whites than blacks and Asians.3

Patients with TLs have worse outcomes than patients with iso-
lated intracranial occlusions, with high rates of disability and
death.4 Intravenous thrombolysis (IVT) is less effective in patients
with TLs, presumably owing to a larger clot burden and low

anterograde flow impeding thrombolytic drug access to the intra-
cranial thrombus.4

Relatively few patients with TLs were included in the major
randomized controlled trials of EVT, and management of the c-
ICA was generally not specified by protocol or analyzed post hoc.
In the absence of robust randomized trial data, no firm recom-
mendations about optimal management can be forwarded, as
reflected in the most recent American5 and European6 guidelines.

For this population of patients with AIS undergoing EVT,
treatment decisions are often complex, and strategies vary
according to clinical, anatomic, and technical considerations in
addition to physician preference.

This article aims to review the pathophysiologic substrate of
AIS related to TLs, the management options available for patients
with such lesions, and directions for future research.

Mechanism of Stroke and Etiology of the Cervical Carotid
Lesion
In paints with TLs, the mechanism of stroke usually involves ar-
tery-to-artery embolization of the clot from an atherosclerotic
plaque or from a site of arterial dissection in the ICA to the intra-
cranial circulation.

Atherosclerotic Plaque versus Dissection. Tandem lesions are
most often atherosclerotic in nature, with an underlying plaque
becoming unstable, rupturing, and triggering local thrombus
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formation with distal embolization of thrombus fragments.
Published series of acute TLs suggest that about 60%–70% are
due to atherosclerotic plaque; 20%–30%, due to dissection; and
the remainder, attributable to carotid webs and cardiac emboli.2,7

In this last group, a large cardiac embolus presumably lodges in
the c-ICA (possibly due to underlying atherosclerotic stenosis)
and fragments to embolize in the intracranial circulation.

Radiologic differentiation of these various etiologies of carotid
stenosis is possible and does not necessarily require conventional
angiography. Noninvasive modalities like MRA and CTA have
been found to identify carotid dissection with similar sensitivity
and specificity.8 In most settings, acute stroke imaging involves
CTA. With this technique, dissection is suggested by the presence
of a tapered or flame-shaped stenosis or occlusion occurring
$2 cm from the ICA origin, often near the skull base.9 Classic
findings such as a double lumen or intimal flap may be found,
but less commonly.10 On plain CT, axial sections at the skull base
can sometimes identify an ICA wall hematoma, appearing as a
hyperdense or tissue-density crescent. In contrast, c-ICA occlu-
sions of atherosclerotic etiology are generally at or near the ICA
origin and may be associated with adjacent calcified plaque.
Atherosclerosis in other cervical arteries may also favor this diag-
nosis over dissection.

Patients with TLs due to carotid dissection tend to have more
favorable demographic profiles, being younger with fewer comor-
bidities than patients with atherosclerotic lesions.7 Acute stent
placement for an ICA dissection is less commonly performed
than for atherosclerotic lesions,7,11,12 most likely due to anatomic
considerations (dissected segments may be long and tortuous)
and the generally more favorable natural history of dissection,
which involves spontaneous vessel wall healing with recanaliza-
tion in up to 70% of patients.13 If stent placement is performed
for carotid dissection, the true lumen must be identified and mul-
tiple stents may be required to reconstruct the artery, though dis-
sected flaps may be more easily opened by stent placement then
hardened atherosclerotic plaques. Addressing the intracranial
occlusion first and avoiding routine c-ICA stent placement in
patients with dissection appears to be a safe approach.12

Conversely, atherosclerotic lesions represent an important tech-
nical challenge, highlighted by longer procedural times, lower re-
canalization rates, and more procedural complications in some
series.14 If stent placement is performed for carotid lesions due to
atherosclerotic plaque, angioplasty before and sometimes after
stent placement may be required, particularly in calcified plaques.

Patients with dissection may thus be distinguished from those
with atherosclerotic plaque as having different pathologies with
potentially different treatment approaches and prognoses.15

Severity of the Carotid Stenosis. The severity of the cervical ca-
rotid lesion, that is, whether it is completely occlusive or merely
stenotic, may also influence both the technical approach and out-
comes. Traversing a complete occlusion may be more challenging
and must often be done “blindly” because the distal lumen cannot
be opacified. However, outcomes appear similar regardless of
whether cervical ICA pathology is occlusive or stenotic.16

A distinct subgroup comprises patients with isolated acute c-
ICA occlusion presenting with symptoms of ipsilateral hemispheric

ischemia, usually due to impaired carotid artery territory perfusion
(acute hemodynamic stroke) rather than intracranial clot emboliza-
tion. These patients are infrequent in the setting of AIS, generally
have a more favorable prognosis than patients with TLs, and are
less often considered for EVT, given the absence of an intracranial
occlusion.14

Radiologic Differentiation of True Carotid Occlusion from
Pseudo-Occlusion. It is sometimes difficult to reliably identify
patients with true TLs on CTA because about one-third of
patients with presumed c-ICA tandem occlusions using this tech-
nique actually have intracranial carotid terminus occlusions (so-
called ICA pseudo-occlusions) with delayed opacification of the
c-ICA due to slow anterograde flow and a stagnant column of
nonopacified blood.17,18 In such cases, the pseudo-occlusion is
usually only confirmed on angiography; however, delayed-phase
CTA of the neck may be helpful in confirming true c-ICA occlu-
sions.19 Identifying a true tandem occlusion before EVT is helpful
to properly plan the angiographic procedure, including determin-
ing how to traverse the c-ICA occlusion and permitting sufficient
forethought regarding the need for c-ICA stent placement or
angioplasty.

Treatment Strategies and Challenges
The optimal management of patients with AIS and TLs under-
going EVT remains uncertain, being subject to multiple clinical,
anatomic, and technical considerations.

Should Acute Carotid Stent Placement Be Performed in
Conjunction with Thrombectomy? Two main approaches exist
in patients with AIS with TLs undergoing EVT (Fig 1). The first
is to traverse the c-ICA lesion, perform intracranial clot retrieval,
and leave the c-ICA largely untreated for possible endarterectomy
or stent placement in the ensuing days or weeks. This approach
includes less definitive c-ICA recanalization strategies such as
balloon angioplasty alone or thrombo-aspiration via a large-bore
catheter and is sometimes used as an initial approach, with

FIG 1. Schematic summarizing the main approaches to managing cer-
vical carotid lesions in patients with tandem occlusions undergoing
thrombectomy for acute stroke. CEA indicates carotid endarterec-
tomy; CAS, carotid artery stent placement.
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intraprocedural, stepwise progression to stent placement only if
dynamic re-occlusion of the c-ICA occurs despite angioplasty.
The second, more definitive approach is to recanalize the c-ICA
using stent placement systematically during EVT, either before
or following intracranial thrombectomy. These treatment strat-
egies exemplify the competing risks that must be balanced in
patients with TLs—that is, ischemic stroke progression or recur-
rence on the one hand versus intracranial hemorrhage on the
other. Both are widely used in clinical practice, as seen in the
STRATIS EVT registry (https://www.medtronic.com/content/
dam/medtronic-com/products/neurological/revascularization-
stroke/stratis-systems-of-care.pdf) in which 54% of patients
with TLs were acutely stented and 46% were not.1

The putative advantages of acute stent placement in the c-ICA
and foregoing acute stent placement are summarized in the Table.
Acute c-ICA stent placement may more effectively treat the cause
of stroke, favor intracranial clot lysis, and decrease the risk of re-
currence while improving overall cerebral perfusion.20 Acute stent
placement is also associated with greater early c-ICA patency and
perhaps better early neurologic improvement than angioplasty
alone.21 However, foregoing acute stent placement may avoid early
administration of antiplatelet agents, which may increase the risk
of intracranial hemorrhage in the immediate postrecanalization
phase, particularly in patients having received IVT or having a
large core of cerebral infarction.22,23 Definitive c-ICA revasculari-
zation can also then be performed with an operation or stent place-
ment in a delayed, more secure setting. Furthermore, acute stent
placement carries an inherent risk of in-stent thrombosis, which
may confer a worse prognosis.24

Should the Intracranial or Extracranial Lesions Be Treated First?
Stent placement may be performed either before intracranial
thrombectomy (“anterograde”) or after thrombectomy (“retro-
grade”). Published series have shown that both approaches are
commonly used25 and suggest that both yield similar functional
outcomes despite differences in recanalization times.26,27

There are theoretic advantages to the retrograde technique,
including shorter intracranial recanalization time and avoidance of
potential snagging of the retrievable stent in the struts of an al-
ready-deployed c-ICA stent.28 Moreover, re-establishing antero-
grade carotid flow may provoke distal migration of the intracranial
thrombus, making it less amenable to thrombectomy. Stent place-
ment of the c-ICA earlier in the procedure also subjects the patient
to potential hemodynamic instability due to baroreceptor activa-
tion while cerebral perfusion is still impaired by the presence of an

intracranial occlusion. Furthermore, in some cases, merely travers-
ing the ICA lesion with catheters to access the intracranial throm-
bus is sufficient to dilate the stenosis or occlusion and potentially
obviate the need for stent placement. A potential disadvantage of
the retrograde approach is that treating the extracranial carotid
lesion after intracranial recanalization may be associated with recur-
rent embolization during stent deployment. Furthermore, in some
cases, specific technical circumstances may mandate an anterograde
approach to gain access to the intracranial circulation. The debate
regarding the order of stent placement relative to thrombectomy
has recently been circumvented by some authors who have devel-
oped techniques using nearly simultaneous c-ICA revascularization
and intracranial stent-retriever thrombectomy; however, adoption
of this approach remains limited thus far.29,30

What Type of Stent Should Be Used? Dual-layer stents contain a
second micromesh layer to theoretically better cover the athero-
sclerotic plaque and more effectively prevent dislodgement of de-
bris.31 However, some studies suggest that dual-layer stents may
be associated with a higher rate of acute in-stent thrombosis
when used for a TL during EVT,31,32 while others do not.33

Nevertheless, their use in the acute setting is not widespread.
Otherwise, there are few data favoring one stent type over
another in the acute setting (eg, open- or closed-cell). Balloon
angioplasty before or following stent deployment may be per-
formed to ensure an optimal intraluminal diameter, but the radial
force of the stent may often be sufficient to achieve a satisfactory
angiographic result.

What Antithrombotic Regimen is Preferred? If ICA stent place-
ment is performed, antithrombotic medication must generally be
given to prevent acute in-stent thrombosis and its associated
potential risks of distal embolization or stent occlusion. However,
the choice of optimal antithrombotic therapy in the setting of acute
ICA stent placement during EVT remains unknown. The risk of
in-stent thrombosis must be balanced against the risk of hemor-
rhagic transformation of infarcted cerebral tissue, with this latter
risk of particular concern in patients having IVT34 or having a
large core of infarction. It is known that early administration of
300mg of IV aspirin after IVT is associated with excess intracere-
bral hemorrhage and no clinical benefit, at least among patients
not treated with EVT.34 Therefore, whether IVT was given should
influence the choice of acute antithrombotic medications.

The risk of intracranial hemorrhage in stented patients varies
widely between series, with some22,35 suggesting much higher

Postulated advantages of each treatment approach for patients with tandem lesions (acute stent placement versus no acute stent
placement)

Potential Advantages of Acute Stent Placement Potential Advantages of No Acute Stent Placement
Treatment of the causative embolic lesion and lower risk of stroke
recurrence

Lower risk of intracranial hemorrhage (avoidance of
hyperperfusion, acute antiplatelet agents)

Improvement of cerebral perfusion with potential attenuation of
infarct progression

Lower risk of iatrogenic artery-to-artery embolization during stent
deployment

Contribution to spontaneous intracranial clot lysis No risk of in-stent thrombosis
Avoids delays in intracranial recanalization (if stent placement
before thrombectomy)

Lower risk of procedural bradycardia and hypotension from carotid
baroreceptor activation with stent deployment
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rates than those seen in the major EVT trials and other larger se-
ries suggesting no excess risk of bleeding,1,2 even among patients
treated with IVT.23,36 Furthermore, the use of IVT appears safe
and likely beneficial in patients with TLs who undergo stent
placement.37 In the Thrombectomy in Tandem Occlusion (TITAN)
cohort, 24.7% of patients developed hemorrhagic infarction,
and 14.2%, a parenchymal hematoma, similar to rates seen after
thrombectomy for isolated intracranial occlusions.23 In this
cohort, acute carotid stent placement and antiplatelet therapy use
were not predictors of parenchymal hematoma or hemorrhagic
infarction.

Different antithrombotic regimens are described in the acute
phase after acute ICA stent placement, including administration of
aspirin alone38 or in combination with clopidogrel at various dos-
ages as well as the administration of glycoprotein IIb/IIIa inhibitors
and heparin. Series in which glycoprotein IIb/IIIa inhibitors were
given either intravenously or intra-arterially poststenting seem to
demonstrate an excess risk of intracranial hemorrhage, suggesting
that enteral antiplatelet agents may be safer in this setting.22

A small series evaluating delayed stent patency found greater
rates of in-stent thrombosis among patients treated with aspirin
only as opposed to aspirin and clopidogrel.24 Stent thrombosis in
this series was also attributed to the routine use of long, closed-
cell stents.24 In a retrospective series of 98 patients with stroke
with an atherosclerotic TL who underwent acute stent placement
and were given antiplatelet monotherapy with 250mg of aspirin
in the acute phase, the rate of stent occlusion within 7 days after
stent placement was 10.3%.38 In this series, early stent occlusion
had no clinical consequences in terms of recurrence of stroke
or worse outcome. This finding might be related to the long-
standing nature of the atherosclerotic ICA stenosis, which may
improve collateralization and hemodynamic tolerance.

Although practice varies widely, a reasonable strategy would be
administration of a periprocedural aspirin bolus (about 300mg),
either orally, rectally, or intravenously (where available) with a clo-
pidogrel bolus (300mg) given orally. In patients at higher risk of
bleeding, particularly those having received IV thrombolysis or
having a large infarct core, the clopidogrel bolus may be delayed
until after repeat brain imaging within the first 12–24hours.

Even in cases of nonacute ICA stent placement, antiplatelet
regimens are not uniform, though most experts suggest that the
duration of dual-antiplatelet therapy beyond the acute phase
should be at least 4–6weeks, as extrapolated from the Carotid
Revascularization Endarterectomy versus Stenting Trial (CREST)
protocol, followed by a long-term single-antiplatelet agent (usu-
ally aspirin).39 Unlike acute stent placement, in this more elective
setting, patients can be administered antiplatelet agents before
stent placement, which may theoretically decrease the risk of
stent thrombosis.

Only limited data exist regarding the use of ticagrelor or pra-
sugrel in carotid stent placement, and their use in this setting can-
not be routinely recommended.40 Cangrelor, an intravenous
antiplatelet agent characterized by rapid onset and offset of
action, has been used in some centers, but data are currently
insufficient to recommend its routine use.41

Some interventionalists administer IV heparin when stent
placement occurs during EVT,42 theoretically decreasing the risk

of stent thrombosis while awaiting the onset of action of antipla-
telet agents. Higher doses of heparin (70 U/kg) are associated
with higher rates of intracerebral hemorrhage, particularly in
combination with dual-antiplatelet regimens.43 With lower doses
of approximately 30 U/kg, hemorrhagic complications do not
appear to be more common, though clinical outcomes are simi-
larly not better. Strong recommendations can, therefore, be made
regarding the use of lower-dose IV heparin in these patients.44

Further data to help guide the use of aspirin and heparin
among patients undergoing EVT should be provided by the
ongoing Multicenter Randomized CLinical trial of Endovascular
treatment for Acute ischemic stroke in the Netherlands; the effect
of periprocedural MEDication: antiplatelet agents, heparin, both or
neither (MR CLEAN-MED) randomized trial (ISCRTN76741621).

Is There a Role for Embolic Protection Devices? For embolic
protection devices using either distal filters or proximal flow rever-
sal, data pertain almost exclusively to patients undergoing nonacute
carotid stent placement for primary or secondary stroke prevention.
The benefit of embolic protection devices during stent placement
remains debated, and in the absence of high-quality comparative
studies, their use is not universally endorsed.45 Given the urgency
of EVT for stroke and potential patient instability, embolic protec-
tion devices are rarely used in this setting.11

Delayed Carotid Revascularization in Nonstented Patients.
Among patients not undergoing acute stent placement, it is reason-
able to consider delayed revascularization, either with carotid
endarterectomy or stent placement, in a secondary prevention
paradigm. Although few data exist on the proportion of patients
with TLs undergoing EVT who later benefit from deferred ICA
revascularization, this number is likely relatively small (only 4 of
13 patients in the Endovascular Treatment for Small Core and
Anterior Circulation Proximal Occlusion With Emphasis on
Minimizing CT to Recanalization Times [ESCAPE] trial).46 This
small number may be due to poor poststroke recovery, large stroke
volume, hemorrhagic transformation, or sufficient c-ICA revascu-
larization by the bougie effect of cross-lesional catheter advance-
ment. Clearly, patients with TLs undergoing EVT for stroke are a
more severely affected population than most patients included in
studies of nonacute carotid revascularization whose index events
were generally minor strokes and retinal ischemic events.47

Consideration of delayed carotid intervention also raises the
issue of how and when follow-up carotid imaging should be per-
formed in these patients, both for those who are stented acutely
(to assess delayed stent patency) and those who are not (to assess
indications for delayed revascularization). Noninvasive imaging
by carotid Doppler sonography or by CTA can reasonably be per-
formed within a few days to weeks of the index stroke, with tim-
ing adapted to the patient’s clinical status.

Other Management Approaches. Other treatment options are
used only anecdotally, and little literature supports their use. One
includes “sacrifice” of the c-ICA by coil embolization, so as to
address the source of arterial emboli, and is more often used in
situations in which c-ICA intraluminal thrombus suggests a high
risk of embolization and adequate collateral flow is provided via
the circle of Willis.34 Similarly, in some patients who have
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persistent c-ICA occlusion but favorable intracranial recanaliza-
tion with adequate cross-filling, the c-ICA occlusion may simply
be left untouched. Another approach that remains marginally
used is emergent carotid endarterectomy in the hours following
thrombectomy.48 In cases of chronic c-ICA occlusions with
recurrent embolic or hemodynamic ischemia, randomized trials
have demonstrated that extracranial-to-intracranial arterial
bypass procedures are not useful, so this delayed approach is not
recommended.49,50

Current Evidence for Management
Data from the Major EVT Trials. High-quality evidence for treat-
ment of patients with TLs undergoing EVT remains limited.
Three of the major randomized EVT trials excluded patients with
a TL.51-53 In the remaining trials, these patients represented 13%–
32% of the study population.

The treatment effect of thrombectomy in patients with TLs
was comparable with that of patients with isolated intracranial
occlusions in the Highly Effective Reperfusion using Multiple
Endovascular devices (HERMES) collaboration. However, this
patient-level meta-analysis included only 122 patients with TLs,54

and while a clear superiority of EVT over standard care was dem-
onstrated, little has been published about how the c-ICA was
addressed in the individual trials.46

Acute stent placement was used in a minority of patients with
TLs in the ESCAPE (26.7%), the Multicenter Randomized
Clinical Trial of Endovascular Treatment for Acute Ischemic
Stroke in the Netherlands (MR CLEAN) (40%), and Endovas-
cular Revascularization With Solitaire Device Versus Best
Medical Therapy in Anterior Circulation Stroke Within 8 Hours
(REVASCAT) (47.4%) trials.5 Late-window EVT trials have simi-
larly not provided meaningful guidance for patients with TLs.
The DWI or CTP Assessment with Clinical Mismatch in the
Triage of Wake-Up and Late Presenting Strokes Undergoing
Neurointervention with Trevo (DAWN) trial included 27 patients
with TLs in the EVT arm but mandated that no c-ICA stent

placement be performed55,56 while
the Endovascular Therapy Following
Imaging Evaluation for Ischemic Stroke
(DEFUSE-3) trial did not detail treat-
ment approaches or outcomes in the
TL subgroup.57,58 Optimal acute man-
agement of the cervical ICA lesion in
patients with TLs undergoing EVT,
therefore, remains unclear.

Evidence from Observational Studies.
Our international survey of stroke
experts further highlighted this thera-
peutic uncertainty, with 75% of
respondents admitting to having equi-
poise regarding therapy for these
patients.11 The existence of commu-
nity equipoise is also echoed in several
studies that were all observational and
often only described stented patients.
Four main meta-analyses of these

smaller case series have been published,20,25,26,59 most with rela-
tively few patients not having undergone acute stent placement
and only 159 focusing primarily on whether acute stent placement
was associated with different clinical outcomes than no stent
placement. The large multicenter retrospective cases-series of 482
patients from the TITAN group was not included in these meta-
analyses but suggests that stented patients receiving acute antipla-
telet medications have more favorable outcomes than patients
treated with angioplasty alone or those with no acute ICA interven-
tion.37 Another large multicenter EVT registry1 also found better
outcomes among stented patients, with both nonrandomized series
suggesting 15%–20% higher rates of favorable outcome (mRS 0–2)
at 90days. Clearly, even adjusted analyses of observational data
cannot entirely control for indication biases that may have favored
stent placement in patients with an a priori better prognosis.

The Endovascular Acute Stroke Intervention (EASI) trial dem-
onstrated that randomization of patients with TLs is possible.60 In
this single-center pragmatic care trial performed before the MR
CLEAN results, patients with stroke were randomized to best med-
ical management alone versus best medical management with
EVT, and patients allocated to EVT who had a TL identified on
CTA or conventional angiography underwent a second random-
ization, allocating them to acute ICA stent placement or not. The
24 patients included had similar functional outcomes whether
stented or not but were too few to generate practice-changing con-
clusions. Nonetheless, the data have served as a proof-of-concept
for the forthcoming Endovascular Acute Stroke Intervention–
TandemOcclusion (EASI-TOC) trial (NCT04261478).61

In the absence of high-level data to guide management decisions
and if randomization in a clinical trial is not possible, observational
data do suggest that some clinical and radiologic factors may favor
acute stent placement, while others may argue against it (Fig 2).

Conclusions and Future Directions
Strokes caused by a TL represent up to one-fifth of all strokes
treated with EVT. Although randomized trials were not designed

FIG 2. Clinical and radiologic factors influencing the decision to favor acute stent placement or
no stent placement for patients with tandem lesions undergoing thrombectomy.
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to evaluate the efficacy of EVT in these patients, a subgroup anal-
ysis of individual TL patient data suggests that EVT results in bet-
ter neurologic outcomes than standard treatment using IVT
alone. Observational data suggest that combining acute c-ICA
stent placement with intracranial thrombectomy may be the best
strategy to treat patients with TLs, being associated with better
functional outcomes and carotid patency. However, because ro-
bust scientific evidence is still lacking and antiplatelet agents and
endovascular techniques and tools are in constant evolution, no
consensus remains regarding the ideal therapeutic strategy for
these patients. In this context, only the results of randomized-
controlled trials like TITAN (NCT03978988) and EASI-TOC62

will help determine the benefit of acute stent placement, or ab-
sence thereof, in patients with TLs.
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REVIEW ARTICLE

Headache and Neuroimaging: Why We Continue to Do It
J.E. Jordan and A.E. Flanders

ABSTRACT

SUMMARY: The appropriate imaging of patients with headache presents a number of important and vexing challenges for clini-
cians. Despite a number of guidelines and studies demonstrating a lack of cost-effectiveness, clinicians continue to image patients
with chronic nonfocal headaches, and the trend toward imaging is increasing. The reasons are complex and include the fear of
missing a clinically significant lesion and litigation, habitual and standard of care practices, lack of tort reform, regulatory penalties
and potential impact on one’s professional reputation, patient pressures, and financial motivation. Regulatory and legislative
reforms are needed to encourage best practices without fear of professional sanctions when following the guidelines. The value of
negative findings on imaging tests requires better understanding because they appear to provide some measure of societal value.
Clinical decision support tools and machine intelligence may offer additional guidance and improve quality and cost-efficient man-
agement of this challenging patient population.

ABBREVIATIONS: AI ¼ artificial intelligence; CDS ¼ clinical decision support; ED ¼ emergency department

EPIDEMIOLOGY

Appropriate imaging for patients presenting with headache
continues to be a ubiquitous challenge for clinicians, and

headache is an ancient problem—as old as humanity—with an-
cient references to headache in a number of archaic works.1,2 The
Ebers Papyrus (1200–1500 BC) referred to headache and other
neurologic disorders. Visual symptoms associated with headache
were described by Hippocrates in 400 BC. Aretaeus provided
one of the earliest classifications of headache around 200 AD.
Regarding treatment of headache, there is evidence of trepanation
of 9000-year-old Neolithic skulls, suggesting some of the first ther-
apeutic approaches. Hippocrates described cupping methods,
using a cup to create a partial vacuum to induce blood-flow to the
painful site for intense headache pain but cautioned against treat-
ment of more benign headache causes. Aretaeus recommended

cupping if bloodletting from the arm or forehead did not relieve
headache symptoms.2

Much criticism has been generated regarding overuse of
advanced imaging modalities, given that most patients with chronic
headache and a lack of focal neurologic signs or symptoms will have
negative findings. This has been viewed as a costly and wasteful use
of resources. Furthermore, headache syndromes account for an esti-
mated 12 million visits per year in the United States, approximating
over $78 billion per year in direct and indirect costs.1,3,4 Direct costs
include outpatient services, medications, office or clinic visits, emer-
gency department visits, laboratory and diagnostic services, and
management of treatment of adverse effects. Indirect costs include
the impact on education, career, earnings, social acceptance,
patients’ psychological and emotional control over their headaches/
lives, lost days from productive work, housework, and social activ-
ities. The life-long prevalence of experiencing any type of headache
is 96%. The global prevalence of tension headache is 40%, and mi-
graine, 10%.2,4 Of 301 acute and chronic diseases tracked by the
Global Burden of Disease studies, 2 headache forms are ranked
among those with the highest prevalence, tension and migraine
headaches.5-7

Headache disorders now rank third among the worldwide
causes of disability, measured in years of life lost to disability.6

The age-adjusted prevalence of headache (16.1%) in US adults
ranked third behind low back pain (28.1%) and knee pain
(19.5%) in a review of chronic pain by the Institute of Medicine.8

The prevalence rate for headache for the lowest socioeconomic
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groups in the United States is about 75% higher than in the high-
est socioeconomic groups. The higher prevalence rates hold true
for other causes of chronic pain as well, including low back pain,
knee pain, and neck pain.8 In short, a greater burden of chronic
pain attributable to headache (and other chronic pain syn-
dromes) appears to be borne by those who may have more lim-
ited resources for coping with chronic pain.

CLASSIFICATION SCHEMES
The first proposals in the modern era for the classification of head-
ache disorders were made in the 1960s by the National Institutes of
Health and the Research Group on Migraine and Headache of the
World Federation of Neurology.9-11 However, the work emanating
from these groups was limited in that the work merely constituted
a listing of a relatively few headache disorders without diagnostic
criteria, and the clinical utility was limited.11

In 1988, the International Headache Society published the
first clinically oriented classification system, the International
Classification of Headache Disorders.12 This gained interna-
tional acceptance and is recognized by the World Health
Organization as the definitive and reference standard for the
classification and categorization of headache disorders. The
third edition was published last year (Table 1).13 Major US
organizations providing clinical guidance include the US
Headache Consortium, the American Academy of Neurology,

the American College of Emergency Physicians, and the
American College of Radiology.

A number of authors have also sought to identify worrisome
features that could warrant imaging of patients with headache to
provide practical clinical guidance. The pneumonic SNOOP has
been used to indicate features that could raise clinical concern and
warrant imaging in both adult and pediatric populations such as
the presence of the following: systemic symptoms (eg, fever, HIV),
neurologic signs, onset pattern (eg, thunderclap, sudden), older age
onset, or pattern change.14-17 Other red flags include papilledema,
systemic illness including rash or neck stiffness, headache triggered
by cough or exertion, headache and pregnancy (or postpartum pe-
riod), worst headache of one’s life, and so forth.1 The American
College of Radiology has endeavored to provide guidance for imag-
ing of patients with headache based on a number of clinical var-
iants.18 The American College of Radiology Appropriateness
Criteria rank the use of imaging in patients with headache for a
given clinical variant with a score of 1–9, with 7–9 meaning usually
appropriate, 4–6 may be appropriate, and 1–3 usually not appropri-
ate. If there is wide dispersion of scores among panel members, a
ranking of “may be appropriate” can result, corresponding to a
score of 5. All scoring is based on expert opinion and the Delphi
method, in addition to a critical review of the existing literature. For
example, in the case of chronic headache with no new features and
normal neurologic examination findings, advanced imaging such as
CT or MR imaging would not be considered appropriate.
Conversely, a headache with new neurologic features would be con-
sidered appropriate for MR imaging or CT, with MR imaging hav-
ing the highest ranking. A summary of the clinical variants is
shown in Table 2.

USE AND COST-EFFECTIVENESS OF IMAGING IN
HEADACHE
Despite the availability of practice guidelines, appropriateness crite-
ria, and practice parameters, the use of imaging in patients present-
ing with headache appears to be increasing. In a study reviewed in
the American Emergency Medical Journal, it was found that imaging
of patients presenting to the emergency department during a 10-
year period (1998–2008) increased from just under 5% in 1998 to
approximately 15% by 2008,19 despite the rate of significant intra-
cranial pathology declining in the same period from about 10% to
,5%. The tripling of the imaging use rate for headache was accom-
panied by a tripling of the use of CT andMR imaging for all patients
presenting to the emergency department. Other research published
in JAMA Internal Medicine corroborated the trend with increasing
use of neuroimaging for the entire headache population studied
from 1995 through 2010, increasing from approximately 5% in 1995

Table 1: Headache Classification Committee of the
International Headache Society—The International
Classification of Headache Disorders
Part 1: The primary headaches
1) Migraine
2) Tension-type headache
3) Trigeminal autonomic cephalgia
4) Other primary headache disorders
Part 2: The secondary headaches—headache
(or facial pain) attributed to:
5) Trauma or injury to the head and/or neck
6) Cranial or cervical vascular disease
7) Nonvascular intracranial disorder
8) A substance or its withdrawal
9) Infection
10) Disorder of homeostasis
11) Disorder of the cranium, neck, eyes, ears,
nose, sinuses, teeth, mouth, or other facial or cervical
structure
12) Psychiatric disorder
Part 3: Painful cranial neuropathies, other
facial pains, and other headaches
13) Painful cranial neuropathies and other facial pain
14) Other headache disorders (not classifiable)

Table 2: From the American College of Radiology Appropriateness Criteria—Headache Clinical Variants (revised, 2019)
Variant 1: Sudden, severe headache or “worst headache of life.” Initial imaging.
Variant 2: New headache with optic disc edema. Initial imaging.
Variant 3: New or progressively worsening headache with one or more of the following “red flags”: subacute head trauma, related activity
or event (sexual activity, exertion, position), neurologic deficit, known or suspected cancer, immunosuppressed or
immunocompromised state, currently pregnant, or 50 years of age or older. Initial imaging.

Variant 4: New headache. Classic migraine or tension-type primary headache. Normal neurologic examination findings. Initial imaging.
Variant 5: New primary headache of suspected trigeminal autonomic origin. Initial imaging.
Variant 6: Chronic headache. No new features. No neurologic deficit. Initial imaging.
Variant 7: Chronic headache. New features or increasing frequency. Initial imaging.
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to 15% in 2010.20 Equally concerning is that while advanced imag-
ing use continued to increase, referrals to specialists for the head-
ache population also increased in that time period, as well as the use
of certain medications, especially the triptans and ergot alkaloids
used to treat migraine headaches. Paradoxically, lifestyle modifica-
tion that could be an effective tool to reduce use actually decreased
from about 23.5% to 18.5% in the same period.4

The cost-effectiveness of imaging of patients with chronic
headache and nonfocal neurologic signs or symptoms is lacking
according to a number of published studies. From a historical per-
spective, even earlier published studies failed to show cost-effec-
tiveness in the imaging of patients with headache and nonfocal
neurologic examinations. This finding holds true even though
imaging techniques and cost have evolved since the earlier studies.
One of the earliest studies was performed by Larson et al,21 who
found that the cost of finding a case of brain tumor in 1980 was
estimated to be at least $1265 ($3805 in 2018 dollars) for patients
with abnormal findings on neurologic examinations and $11,901
($35,799 in 2018 dollars) for patients with normal findings on neu-
rologic examinations. Some years later Akpek et al22 found similar
results from a sample of 592 patients presenting with headache
and no focal findings. Their calculations yielded a cost per clini-
cally significant case using marginal cost estimates of $23,400
($41,528 in 2018 dollars). Jordan et al23 looked at a similarly pre-
senting cohort of 328 patients undergoing MR imaging and
hypothesized that MR imaging might be more sensitive in detect-
ing significant pathology than CT. They found that only 1.5% of
patients had clinically significant MR imaging results. The cost per
clinically significant managed case detected was $34,535 (2018 dol-
lars). No statistically significant difference was found among refer-
ring specialties and clinically significant MR imaging results.2

Jordan et al23 also studied patients in the emergency depart-
ment (ED) presenting with headache and nonfocal neurologic
examinations, hypothesizing that patients experiencing headache
severe enough to prompt an ED visit might result in a higher
yield of significant pathology. Their study focused on the use of
CT, the most common technique used in EDs across the United
States. They found that the cost for the CT and ED visit was
approximately 3 times the cost of a routine outpatient visit.
Moreover, they found that the incremental cost per clinically sig-
nificant case detected in the ED was $50,078 (2018 dollars).24

Even in the pediatric patient population, cost-effectiveness of
imaging of patients with headache and nonfocal neurologic
examinations is lacking in lower-risk patients.25

WHY WE CONTINUE TO IMAGE
Despite a lack of cost-effectiveness for significant pathology in
patients without red flag signs, clinicians continue to fear the con-
sequences of missing significant pathology because it is known that
significant pathology can present with a sole symptom of head-
ache. For example, Evans26 performed a meta-analysis of the most
common secondary causes of headache, reviewing the results of
3026 scans in his analysis. A small percentage of significant abnor-
malities that are known to manifest with headache was found. He
found strokes in 1.2% of patients in his sample. Brain tumors
were found in 0.8%. Other conditions resulting in headache as a
sole symptom included hydrocephalus (0.3%), arteriovenous

malformations (0.2%), subdural hematomas (0.2%), and intracra-
nial aneurysms (0.1%).26 Evans also reviewed the yield of neuroi-
maging in patients with migraine headaches and no other
worrisome features and found a similar low yield of significant pa-
thology known for the potential to manifest with headache. That
meta-analysis combined the results of multiple studies during an
18-year period totaled 1440 scans. The analysis only found an inci-
dence of brain tumor in 0.3% of patients, arteriovenous malforma-
tion in 0.07%, and saccular aneurysm in 0.07%; but it found a
higher prevalence of white matter abnormalities reported on MR
imaging of 12%–46%.26 Notwithstanding the experience in the
United States, the National Clinical Guideline Center of the United
Kingdom also found in a meta-analysis of 3700 patients with non-
focal headache that only 32 significant abnormalities were found
or a yield of 0.86%. The analysis comprised 1800 MR images, 1862
CT scans, and 38 Doppler sonography studies published during
approximately 14 years.27

A myriad of reasons may be proffered by practitioners, gener-
alists, and specialists when justifying the imaging of patients with
headache and a lack of red flags or focal neurologic abnormalities.
In addition to the aforementioned, other chief concerns include
defensive medicine, community standard of care, professional
reputation concerns and fear of sanctions (National Practitioner
Data Bank reports, state agency reporting, higher malpractice
premiums, and so forth), a desire to avoid patient dissatisfaction,
patient-driven demand and insistence on imaging (especially in
pediatrics), and self-interest and financial motivation. In the digi-
tal age, social media reverberations, patient dissatisfaction, and
patient satisfaction surveys heighten the sensitivity of clinicians
to patient preferences. Forceful patient demands may be viewed
by some practitioners as difficult to resist. These coupled with
concerns about litigation and professional sanctions increase the
likelihood of capitulation to patient demands, regardless of prac-
tice guidelines or imaging yields.

Defensive medicine costs have been considered major drivers
of increasing health care expenditures. Furthermore, it appears
that physicians are much more likely to blame defensive medicine
for a major portion of escalating health care costs than policy
makers. A 2005 survey revealed that 93% of “high-risk” specialists
in Pennsylvania reported practicing defensively.28 A 2008 study
elicited a comparable response from 83% of Massachusetts physi-
cians. The Massachusetts physicians indicated that between 20%
and 30% of imaging studies and specialty referrals were ordered
primarily for defensive purposes.29 An important observation of
the study also found that while physicians may initially order
additional nonbeneficial tests due to defensive medicine, with
time these tests tend to become incorporated into the standard of
care of the community.29,30

Cost escalation attributable to defensive medicine is difficult to
quantify. This issue stems, in part, from the fact that no national
claims data exist, making it difficult to quantify these costs on a
national scale. Rather, data are available to a varying degree state
by state, and the risk profile of a given region may differ signifi-
cantly from that in others. Nevertheless, policy makers do not fully
agree with physicians on the national impact of medical liability
costs on US health expenditures. For example, a study designed to
estimate this impact found that the overall annual medical liability
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system costs, including defensive medicine, were estimated to be
$55.6 billion ($64.3 billion, in 2018 dollars) or 2.4% of total health
care spending.31 While significant in absolute terms, this is far
below the 20%–30% of health expenditures often estimated by
physicians and others.30 The truth may lie somewhere between the
two, but this is an important subject requiring further study.

VALUE AND NEGATIVE IMAGING RESULTS
The increasing trend toward imaging lower-risk patients with
chronic headache is commonly assumed to be of limited value
when imaging study findings are negative; these studies are viewed
as both costly and wasteful. Yet these assumptions may be too sim-
plistic. “Value” is a term that is not coterminous with cost when it
comes to health expenditures, and value from the patient’s per-
spective is not necessarily coterminous with that of payers or policy
makers.32 Negative test results are often highly valued by patients
and providers, and this feature appears to underestimate the true
societal value of imaging tests with negative findings when it comes
to patients presenting with headache.

Imaging tests with negative findings may result in a reduction
of patient or family anxiety, providing an anxiolytic effect for
multiple parties (including providers). Other benefits of negative
imaging results of patients with headache may include improve-
ment in productivity, reduction in subsequent medical visits to
both generalists and specialists, a reduction of subsequent costs
of imaging, school performance improvement, decreases in psy-
chological and behavioral problems, as well as opportunities for
treatment of incidental findings such as sinus disease, which
might actually be the cause of a headache.23,27,33

It has been shown that in patients presenting with chronic
headache, those offered imaging earlier were less likely to be
referred to a specialist such as a neurologist or psychiatrist.33 This
finding was even more striking when comparing patients with psy-
chological or psychiatric disorders using proxy measures (Hospital
Anxiety and Depression Scale), with a greater propensity toward
referral among patients with positive results on the Hospital
Anxiety and Depression Scale. A trend toward a decrease in subse-
quent imaging for those offered scanning sooner was also observed
but not at the same level of statistical significance.33 Referrals to
specialists may generate further work-ups and interventions in
addition to imaging, resulting in increases in direct costs for
patients not offered imaging sooner rather than later. Indirect costs
arising from patient anxiety such as reductions in productivity or
time lost from work, school, and so forth also appear to take a toll
and may be more costly from a societal perspective. Hence, imag-
ing may be anxiolytic and reduce the anxiogenic effects and down-
stream costs resulting from not providing patients (and providers)
with answers regarding their headaches early on.

The value of negative findings on imaging tests should not be
overlooked, and this is an important area requiring further study.
In the case of headache, further study of the anxiolytic effects of
imaging also requires additional investigation. A growing body of
literature has begun elucidating the clinical and economic bene-
fits that can accrue from negative findings on imaging tests.
Although beyond the scope of this manuscript to review in detail,
such studies range from imaging using coronary CTA to lung
cancer screening, etc., which is in contrast to the many studies

looking at various imaging modalities and organ systems with
respect to negative or positive predictive value.34-36

POTENTIAL REMEDIES AND FUTURE DIRECTIONS
Unquestionably, patients presenting with headache even in the
chronic low-risk setting will continue to challenge practitioners
and bring with them the inexorable pressures to image. Therefore,
potential solutions and remedies must be multifaceted. With
respect to defensive medicine, federal tort reform has been advo-
cated by some to help shield practitioners from litigation if follow-
ing practice guidelines. In the era of evidence-based medicine and
best practices, such protections are becoming increasingly impor-
tant, not only for improved patient management and outcomes
but also for the most optimal allocation of limited resources.37

Examples of tort reform include the capping of damages in medical
malpractice cases or limiting professional sanctions if clinicians are
following guidelines. Currently.30 states have laws limiting dam-
ages.38 Such approaches may reduce malpractice insurance costs
but probably will not eliminate defensive medicine practices with-
out other measures being taken.39

State tort reform or federal tort reform or both are often advo-
cated as a way to reduce damages and costs related to medical
liability as well as reducing cost associated with the practice of de-
fensive medicine. However, tort reform legislation can be chal-
lenged under the Fifth Amendment Equal Protection Clause and
the Seventh Amendment clause on the right to a jury trial under
the US constitution.40,41 Notwithstanding, few federal courts
have overturned malpractice tort reform, and it is unlikely that
the Supreme Court would overturn federal malpractice tort
reform because the lowest level of scrutiny is typically applied in
reviewing the constitutionality of tort reform statutes.40,41 In
other words, if there is a rational public policy reason for the
legislation, the courts are unlikely to overturn it.

The adoption of a no-fault system to compensate patients
injured during medical practice has also been advocated as a poten-
tially less costly and fairer way to deal with medical injuries.42 This
contrasts with the US tort liability system, which is considered a
type of social insurance to compensate for injuries in a market-
based economy. No-fault systems have become more popular in
many developed Organization for Economic Cooperation and
Development countries and are considered social insurance of
goodwill, wherein the patients are compensated for medical injury
without regard to a provider’s fault.42 Moreover, no-fault systems
are thought to be more efficient, fairer, and less costly. Judgment
under such systems is more likely to rely on the opinions of experts
rather than lay people as currently practiced under the jury system
in the United States.

Other potential remedies and future directions include compar-
ative effectiveness studies in the work-up and management of head-
ache (eg, pharmaceuticals versus lifestyle interventions) and follow-
up costs; alternative screening studies and/or alternate imaging
approaches; patient cost-sharing of diagnostic testing; regulatory
reform (eg, National Practitioner Data Bank, state reporting
requirements); and clinical decision support and artificial intelli-
gence (AI) tools. Relatively few studies have reviewed the compara-
tive effectiveness of alternative approaches for the diagnosis and
management of headache using nontraditional means, though
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some studies have examined the comparative effectiveness of vari-
ous pharmacologic therapies.43 Yet, alternative approaches may be
more cost-effective and improve outcomes for patients with chronic
headache, particularly when there is a focus on preventative meas-
ures. For example, appropriate lifestyle interventions could be very
effective in the management and prevention of headache while
obviating more expensive interventions and imaging.44 Alternative
approaches may also avoid the complications of pharmacotherapies
and medication overuse, which, in and of themselves, can have
debilitating effects and result in the need for further costly
interventions.5,45

Alternative imaging algorithms could be considered to ease
patient and provider anxiety, given the anxiolytic effects that such
information can provide.33 For example, a significantly scaled-
down version of a brain MR imaging examination might suffice
with 1 or 2 sequences, while being less costly than conventional
brain MR imaging protocols.15 Moreover, patient cost-sharing
could select patients who have a strong desire for imaging despite
the absence of good clinical indications or red flags. In such cases,
the patient’s willingness to pay could inform policy prescriptions
and decision-making, while reducing the burden on payers. In
the current environment, patients are increasingly expressing a
willingness to assume some costs for their health care. A recent
survey conducted by Deloitte regarding consumer health prefer-
ences indicated that younger generations are more likely to be
willing to pay some of their health care costs than older genera-
tions.46 This survey has important implications for policy makers
not only in the management of headache but for other disorders
as well, given the recognition of limited resources for health
expenditures. However, differential consumer payment schemes
for health care can increase the risk of multitiered systems and
disparities in health care.

In addition to tort reform, regulatory reform regarding physi-
cians’ credentials and reporting should also be an important con-
sideration to counter defensive medicine practices. Calls for tort
reform, even if successful, are unlikely to diminish defensive
medicine practices as long as physicians fear professional sanc-
tions and impugnment of their reputations. Malpractice judg-
ments and regulatory requirements to report such verdicts (or
even settlements) to state board agencies and the National
Practitioner Data Bank can have chilling effects on physicians’
practice patterns and cause them to be risk-averse. Even simple
patient reports to licensing authorities can result in exhaustive
and intimidating reviews of a physician’s practices and creden-
tials. Hence, even limiting damages to small dollar amounts
would be unlikely to reassure physicians if their reputations could
still be impugned in the process. Both best-practice guidelines
that shield physicians following them and no-fault systems of
awarding damages for injured patients would, in conjunction
with tort reform, be more likely to shift the calculus affecting the
behavior of physicians when it comes to defensive medicine.

Finally, clinical decision support (CDS) tools and AI algorithms
also appear to be promising for helping clinicians navigate this
complex clinical and public health problem. CDS systems are
designed to provide clinicians, staff, patients, and others with
knowledge and person-specific information, to enhance health and
health care.47 CDS comprises tools such as computerized alerts,

reminders to providers and patients, clinical guidelines, condition-
specific order sets, and focused patient data reports.47 Most CDS
applications operate as components of electronic health records,
though stand-alone CDS systems are also becoming increasingly
available. Newer and fastest-growing CDS tools are powered by AI,
neural networks, or deep/machine learning techniques. The recent
guidance by the FDA on classifying and regulating CDS systems
has been considered too ambiguous for developers to effectively
follow. These systems have not been included in the FDA medical
device category and therefore are not subject to FDA oversight,
though effort is underway to change this.48

Emerging studies examining the role that AI could play in
diagnosing and managing patients with headache have recently
begun to appear in the literature. For example, a case-based rea-
soning AI-powered Clinical Decision Support System study diag-
nosed primary migraine and primary tension headache with a
high degree of accuracy and performed better than the guideline-
based Clinical Decision Support System (International Headache
Society–International Classification of Headache Disorders).49 It
has also been shown that machine learning methods and feature
selection can be used to support specialists in the classification of
migraines automatically in patients undergoing MR imaging
using DTI biomarkers.50

A recent study presented at the 70th Annual Meeting of the
American Academy of Neurology in Los Angeles examined the
safety of an artificial intelligence system for nonacute headache di-
agnosis and compared an AI system with the performance of neu-
rologists in the diagnosis of nonacute headaches.51 The study
compared the performance of a support vector machine model in
classifying the headache as primary versus secondary with that of 2
general neurologists. The support vector machine model trained to
“read” clinical records had a better performance in the diagnosis of
secondary headache (sensitivity¼ 90.2%; specificity¼ 93%) com-
pared with the neurologists (sensitivity¼ 82%; specificity¼ 85%),
and the correct headache diagnosis was achieved in 89%–94% of
cases when the International Classification of Headache Disorders
criteria were combined with machine learning models. Hence,
early work in AI shows the potential to help generalist clinicians
evaluate and manage difficult and often confusing cases of head-
ache, on a par with or exceeding the skill of specialists.

CONCLUSIONS
Despite a number of guidelines and studies demonstrating a lack
of cost-effectiveness, clinicians continue to image patients with
chronic nonfocal headaches, and the trend toward imaging is
increasing. The reasons for this prevailing trend are complex and
include the fear of missing a significant lesion and litigation, ha-
bitual and standard of care practices, lack of tort reform, regula-
tory penalties and the potential impact on one’s professional
reputation, patient pressure, and financial motivation. There is a
need for further clarity on the cost of imaging versus not imaging
(direct and indirect), especially with respect to the anxiolytic
effects on patients. Scaled-down, less costly screening studies may
offer alternative approaches. Comparative effectiveness studies,
lifestyle interventions, and preventive measures must be further
studied to identify the most effective and cost-effective measures
that can be undertaken to assuage concerns and the tendency to
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image patients with headache when clinical signs do not warrant
it. Regulatory and legislative support to encourage best practices
without fear of financial and professional sanctions when follow-
ing guidelines is needed. Moreover, serious consideration needs
to be given to the adoption of no-fault systems for compensation
of injured patients currently practiced in many Organization for
Economic Cooperation and Development countries.

Radiologists and other clinicians should be well-versed and
conversant regarding the value of imaging tests with negative find-
ings because they appear to provide some measure of value, from
patient and societal perspectives, but further study is also needed
in this area. Patient cost-sharing and willingness-to-pay schemes
are worth exploring in the light of limited resources for health
expenditures. Clinical decision support tools, AI, and machine
learning may offer additional guidance and improve quality and
cost-efficient management of this challenging patient population.
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RADIOLOGY-PATHOLOGY CORRELATION

Squamous Cell Carcinoma Arising from Sinonasal Inverted
Papilloma

D.T. Ginat, A. Trzcinska, and P. Horowitz

ABSTRACT

SUMMARY: Sinonasal inverted papillomas occasionally undergo malignant transformation into squamous cell carcinoma, which can
be associated with EGFR mutations. Since biopsy can potentially under-sample the tumor, CT and MRI can provide clues as to the
presence of malignant transformation. In particular, this entity tends to appear different from benign inverted papilloma on imag-
ing, including prominent bone erosions, necrosis, low diffusivity in the solid tumor components, and absence of the cerebriform
pattern on MRI. The radiology findings, pathology features, and management of squamous cell carcinoma arising from inverted pap-
illoma are described.

ABBREVIATION: EGFR ¼ epidermal growth factor receptor

The patient is a 61-year-old male former 40 pack-year smoker
who presented with headaches and discharge of material

from his nose for the past 9months. The patient also experi-
enced diplopia with left lateral gaze and tongue deviation to the
left. Examination revealed a sinonasal mass that appeared pink-
ish-red with a centrally necrotic, pearly-white core. The mass
was biopsied at an outside hospital and interpreted as inverted
papilloma. The patient was then referred to our institution for
further management.

IMAGING
CT showed diffuse opacification of the sphenoid sinuses, poste-
rior ethmoid sinuses, and posterior nasal cavity with a relatively
well-defined mass with peripheral enhancing components and
central heterogeneous nonenhancing components, as well as
associated extensive remodeling and erosion of the sphenoid
sinus walls, floor of the sella, and clivus, including the left hypo-
glossal canal, which accounted for the tongue weakness (Fig 1).
MR imaging demonstrated a large peripherally enhancing mass
that appeared to potentially invade the bilateral cavernous sinuses
and sella without a bone marrow replacement process beyond the
mass (Fig 2). In particular, there was rather thin diffuse periph-
eral enhancement of the tumor with relatively low diffusivity and

central areas of heterogeneous T2 signal, indicative of necrosis
with relatively high diffusivity. Based on the atypical imaging
findings for benign inverted papilloma, the possibility of malig-
nant transformation was suspected.

Treatment
Endoscopic endonasal resection was performed, which showed
viable tumor peripherally, with extensive central necrosis. The
bulk of the tumor was removed with a combination of suction,
debriding, and grasping instruments. The sella and right cavern-
ous sinus were displaced peripherally, with good planes of separa-
tion and negative pathologic margins on the overlying mucosa.
However, positive microscopic margins were noted along the left
cavernous sinus wall, left sphenoid roof, and sphenoid floor, from
which the mass appeared to be arising. The tumor also invaded
the clivus, upper pharyngeal musculature, and left hypoglossal
canal, which was decompressed but contained invasive gross tu-
mor. These findings correlated well with the imaging findings (Fig
3), specifically with regard to areas of necrosis and viable tumor,
though we were pleasantly surprised by the lack of invasion along
the right side of the skull base. The resulting defect was repaired
with a fascia lata graft and nasoseptal flaps, to provide healthy tis-
sue covering the carotid arteries in preparation for planned adju-
vant radiation therapy and weekly cisplatin. Postoperatively, the
patient recovered well and experienced improved tongue mobility,
resolution of the diplopia, and decreased headaches.

Diagnosis
Intraoperative frozen sections revealed squamous cell carcinoma
arising from sinonasal papilloma. Histologic sections showed a
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sinus lesion exhibiting an inverted growth pattern typical of a
sinonasal papilloma, inverted type (Fig 4). The appearance of
the lesional epithelium varied from conventional (acanthotic
transitional-like epithelium with ciliated surface cells and intra-
epithelial neutrophilic microabscesses) to dysplastic (squamous
metaplasia with nuclear enlargement, nuclear membrane irreg-
ularity, hyperchromasia, loss of polarity, and increased mitotic
activity). Rare foci of superficial invasion into the underlying
stroma and extensive areas of necrosis were also present. Thus,
the presence of a conventional inverted papilloma, together with
extensive dysplasia, foci of invasive carcinoma, and, in particular,
the extensive necrosis matched the clinicoradiologic suspicion.
DNA was also isolated from the specimen, which revealed an epi-
dermal growth factor receptor (EGFR) mutation involving a 9-base
pair duplication in exon 20, along with several other alterations of
uncertain significance.

DISCUSSION
Inverted papilloma is a benign but locally aggressive sinonasal
neoplasm. This lesion can be associated with squamous cell car-
cinoma in approximately 7%–16% of cases, either synchro-
nously or metachronously.1-3 Although inverted papillomas
with malignant degeneration are most commonly located in the

FIG 2. Coronal T2-weighted (A) MR imaging shows a heterogeneous mass occupying the sphenoid sinuses with extension into the cavernous
sinuses and sella. The T1-weighted (B) and postcontrast T1-weighted (C) MR images show diffuse peripheral enhancement. The ADC map (D)
shows relatively high diffusivity in the necrotic portions of the tumor and low diffusivity within the viable portions of the tumor.

FIG 3. Endoscopic view during endonasal surgery shows viable (V)
and necrotic (N) tumor components.

FIG 1. Sagittal postcontrast CT image (A) shows a fairly well-defined-but-heterogeneous mass in the posterior nasal cavity and eth-
moid and sphenoid sinuses, with peripheral areas of enhancement and mixed areas of central hypoattenuation and hyperattenuation.
Axial CT images in bone windows (B and C) show extensive erosion of the sinus walls and clivus, with involvement of the left hypo-
glossal canal (arrow).
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lateral nasal cavity or maxillary sinus, tumors arising in the
frontal sinus or the frontoethmoidal recess are proportionately
most likely to be associated with carcinoma.2 Sphenoid sinus
involvement, such as in this case, is relatively uncommon for
both benign inverted papillomas and those associated with
squamous cell carcinoma.

Various risk factors are implicated in the malignant transforma-
tion of sinonasal papillomas, including human papillomavirus infec-
tion, smoking, occupational exposure, and DNA alterations, such as
EGFRmutations.4,5 Of note, EGFR is the gene that encodes the epi-
dermal growth factor receptor, which is a cell membrane protein
that is involved in tyrosine phosphorylation and cell proliferation.
The specificity of EGFR mutations suggests that squamous cell car-
cinoma arising from the inverted papilloma disease spectrum is bio-
logically distinct from other sinonasal squamous lesions.6

Distinguishing benign inverted papilloma and inverted papil-
loma associated with malignant transformation can be challeng-
ing clinically. Both entities can present with nasal obstruction
and rhinorrhea, but epistaxis, vision changes, and pain are omi-
nous signs suggestive of malignancy.3,7 As in this case, the diag-
nosis is sometimes missed by biopsy because tissue containing
malignant cells is not always obtained.3 However, imaging with
CT and MR imaging can help characterize these tumors in terms
of identifying atypical features and delineating the extent of tu-
mor for guiding further management.

Benign sinonasal inverted papillomas characteristically demon-
strate osteitis at the attachment site on CT and a convoluted cere-
briform pattern consisting of alternating bands of high and low
signal on T2-weighted and postcontrast T1-weighted MR imaging
sequences.8 On the other hand, inverted papillomas with malig-
nant transformation tend to have imaging characteristics distinct
from those of benign inverted papillomas. In particular, the pres-
ence of bone erosions on CT is suggestive of malignancy,9 though
the margins of the tumor can be relatively sharp, with bone
remodeling suggestive of a more indolent process as in this case.
OnMR imaging, the absence of the classic cerebriform or colum-
nar pattern associated with inverted papilloma and the presence
of necrotic components are indicative of squamous cell carci-
noma.9,10 In addition, the viable portions of tumors with malig-
nant transformation tend to have significantly lower ADC values
than benign inverted papillomas, with an average diffusion coef-
ficient of 1.1� 10�3 mm2/s versus of 1.5� 10�3 mm2/s.9

However, the presence of bulk necrosis in tumors is generally
associated with elevated diffusivity.11

Aggressive surgical resection combined with postoperative ad-
juvant therapy, including chemotherapy and radiation, can be
effective in managing even stage T4 squamous cell carcinomas
arising from inverted papillomas.12 The goal of surgery is obtain-
ing negative microscopic margins, though with tumor invasion of
critical skull base structures, this may not be possible in some
cases. The anatomy of the tumor generally dictates the approach:
Depending on the extent of disease, endoscopic sinus surgery
alone, endoscopic sinus surgery plus endonasal or open anterior
maxillotomy, and endoscopic sinus surgery plus an anterior cra-
niotomy can be considered.12 In this case, the tumor likely origi-
nated from the left sphenoid sinus, while growing displaced the
cavernous sinuses, sella, and other structures outward, allowing a
wide surgical corridor by an endoscopic endonasal approach sim-
ply by debriding the necrotic core. Because patients with sino-
nasal malignancies typically require adjuvant chemoradiation,
repair of the skull base defect is an important consideration.
Specifically, exposed neurovascular structures, such as the carotid
arteries and cavernous sinuses, should be covered with healthy,
preferably vascularized tissue or flaps, to the reduce risk of
osteoradionecrosis or carotid blowout.

The prognosis of patients with inverted papillomas associated
with squamous cell carcinoma depends largely on the tumor
stage, with an overall 3-year disease-specific survival rate of 63%.3

Most tumor recurrences are attributable to incomplete resection,
and close life-long imaging follow-up is warranted, with biopsies
performed depending on the imaging findings.1 In certain cases
with EGFR mutations, irreversible tyrosine kinase inhibitors can
result in inactivation of EGFR signaling and growth inhibition.5

However, there is evidence that most exon 20 insertion mutations
confer resistance to EGFR tyrosine kinase inhibitor therapy, at
least in lung cancer.13

Case Summary
• It is not uncommon for sinonasal inverted papilloma to undergo
malignant transformation into squamous cell carcinoma, which
can be associated with EGFRmutations, as in this case.

• Because biopsy can undersample the lesion, the presence of
aggressive features on imaging should raise the possibility of
malignant transformation.

• The presence of necrosis and low diffusivity instead of a cere-
briform appearance on MRI and extensive bone erosions
demonstrated on CT are suggestive of associated squamous
cell carcinoma.

FIG 4. Hematoxylin-eosin-stained photomicrographs of the lesion show an inverted growth pattern from the sinonasal papilloma component
(A, �4 magnification), markedly thickened epithelium (E) with ciliated luminal cells and intraepithelial neutrophilic microcysts (arrow) growing
downward into the underlying stroma (S) (B,�20 magnification), areas of severe epithelial dysplasia (C,�20 magnification), and foci of superficial
invasion and tumor necrosis with apoptotic cells (N) (D,�20 magnification).
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• CT and MRI are useful for tumor localization and treatment-
planning, which generally consists of surgical resection,
chemotherapy, and radiation for inverted papillomas with
malignant transformation.

• ADC can be useful for mapping heterogeneous tumors,
with low diffusivity associated with viable portions of ma-
lignant neoplasm versus high diffusivity associated with
bulk necrosis.
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HEALTH CARE REFORM VIGNETTE

Implications of the Revisions and Revaluation of Office/
Outpatient Evaluation and Management Codes for

Neuroradiology Reimbursement
K.Y. Wang, J.A. Hirsch, G.N. Nicola, L.P. Golding, R.K. Lee, and M.M. Chen

ABSTRACT

SUMMARY: In the 2020 Final Rule, the Center for Medicare & Medicaid Services adopted a new coding structure and accepted the
substantial increase in valuation for office/outpatient Evaluation and Management codes set to begin in 2021. Given budget neutral-
ity requirements, the projected increase in reimbursement will require a reduction in the conversion factor to offset such increases.
The aim is to inform neuroradiologists the impact of these proposed changes on reimbursement and the profession.

ABBREVIATIONS: AMA ¼ American Medical Association; ACR ¼ American College of Radiology; CF ¼ conversion factor; CMS ¼ Centers for Medicare &
Medicaid Services; COVID-19 ¼ coronavirus disease 2019; CPT ¼ Current Procedural Terminology; E/M ¼ evaluation and management; MDM ¼ medical deci-
sion-making; MedPAC ¼ Medicare Payment Advisory Commission; MPFS ¼ Medicare Physician Fee Schedule; RUC ¼ AMA/Specialty Society Relative Value
Scale Update Committee; RVU ¼ relative value unit

On November 1, 2019, the Centers for Medicare & Medicaid
Services (CMS) finalized major revisions to the office/out-

patient evaluation and management (E/M) Current Procedural
Terminology (CPT) codes. These changes at first glance may not
seem to impact diagnostic neuroradiology because radiologists
typically do not bill office/outpatient E/M codes. However, on
closer inspection, there are worrisome ramifications. The purpose
of this article is to review these changes and discuss their impact
on the profession. It is necessary to first understand Medicare
reimbursement and how furnished services translate into fee
schedule payments, to appreciate these implications.

To ensure an accurate determination in reimbursement, the
American Medical Association (AMA) created the CPT system
in 1965 to uniformly describe medical services and procedures.1

Each service furnished is given a unique and billable CPT code,
of which there are currently more than 10,000. Since 1992, the

compensation system for physician services by the CMS is based
on a resource-based relative value scale as published in the
Medicare Physician Fee Schedule (MPFS). Medicare payments
reflect the actual resources used in furnishing specific services
as well as preserving relativity among other services.1 The rela-
tive compensation for furnishing a service is determined by
assigning a relative value unit (RVU) and is dictated by 3 com-
ponents: physician work (professional component), practice
expense (technical component), and professional liability insur-
ance. Physicians play an integral role in providing input toward
the valuation of new and revised CPT codes. Through the
AMA/Specialty Society Relative Value Scale Update Committee
(RUC) and its robust survey of .50 specialty societies, valua-
tions for CPT codes are determined. The RUC then recom-
mends these valuations for the MPFS to the CMS, with
acceptance rates that were historically.90%.2

Subsequently, the conversion factor (CF), which is determined
by the CMS and can be viewed as a dollar amount multiplier, ulti-
mately “converts” the work of the RVU to a dollar amount after a
geographic cost adjustment. Most important, the calculation for
the CF is revisited annually and is budget-neutral. In other words,
any increase in relative expenditures in one area of physician
services would need to be offset by decreases in other areas to
maintain budget neutrality. With only minor annual adjustments,
the CF has been relatively flat since its inception, ranging from
$35.7547 (2015) to $36.0896 (2020). In contrast, the non-season-
ally adjusted inflation rate for medical care during that same pe-
riod was 11.6%.3 However, with upcoming changes in 2021 to the
new coding structure and valuation of the office/outpatient E/M
CPT codes,2 the CF for 2021 is almost certainty expected to be
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revised downward to maintain budget neutrality with major
implications for neuroradiologists.

HISTORICAL PERSPECTIVE OF OFFICE/OUTPATIENT
E/M CODES
The office/outpatient E/M codes are a category of CPT codes fre-
quently billed by physicians who see patients in the office, ambu-
latory, or outpatient setting. E/M codes, in general, are the most
frequently billed CPT codes, and specifically, office/outpatient
E/M codes account for approximately 20% of all Medicare spend-
ing.1 To bill one of these codes, the services furnished must meet
certain documentation requirements based on the definition of
the code. However, physicians have been increasingly vocal about
E/M documentation requirements being administratively bur-
densome and redundant, resulting in unnecessary documentation
irrelevant to the patient’s care, not accurately capturing the most
clinically meaningful level of care, and increasing the number
and cost of audits.

The typical radiologist, particularly those focused on diagnos-
tic imaging, may not be familiar with office/outpatient E/M
codes. While E/M visits are provided by nearly all medical spe-
cialties, they represent a disproportionate component for those in
primary care and certain office-based specialty settings.1 For the
reader to appreciate the extent of the granularity and burden in
documentation and to better understand the rationale and impli-
cations for the upcoming changes, the current E/M visit docu-
mentation structure will be briefly discussed (On-line Figure).
First, billing Medicare for an E/M visit requires the selection of
the CPT code that accurately represents the level of E/M service
furnished, of which there are 5 (eg, CPT codes 99201–99205 for
new patients and CPT codes 99211–99225 for established
patients). Unlike in imaging in which the complexity of patients
is not captured by CPT codes, E/M codes capture different levels
of complexity in patients based on the level of E/M services
billed.4 In general, the higher the complexity of the visit, the
higher the level of E/M service and reimbursement for the CPT
code. Three key components are mainly considered in determin-
ing the level of E/M service: history, physical examination, and
medical decision-making (MDM). MDM documentation is the
most challenging, and higher level codes in general require more
extensive documentation. However, if a visit constitutes.50% of
counseling or coordination of care, then only the time spent dur-
ing the visit is used to determine the level of E/M service.

IMPETUS FOR CHANGE BY THE CMS
In the backdrop of the “Patients Over Paperwork” initiative of
the CMS launched in 2017 to reduce regulatory burdens, the
increasingly outdated documentation requirements for E/M
codes led the CMS to propose major changes to the coding, docu-
mentation, and payment structure of E/M visits when it released
the 2019 MPFS proposed rule in July 2018. After considerable
input from stakeholders, the finalized changes to E/M visits were
released in the 2019 MPFS Final Rule in November 2018. They
were slightly different from those in the 2019 MPFS proposed
rule, and most were intended to take effect on January 1,
2021 (On-line Table 1). These changes specifically included

consolidating levels 2–4 E/M services to a single (also referred to
as blended) rate of payment based on a weighted average of his-
torical use obtained from the claims data. As a result, physicians
who take care of patients with complex conditions who do not
meet the requirements for a level 5 E/M visit would be compen-
sated at the same rate as a level 2 E/M visit. Moreover, rather
than using all 3 key components, the 2019 MPFS Final Rule
allowed the option of satisfying documentation using either only
MDM or time (regardless of whether.50% of the time was spent
counseling or coordinating care). This option allowed physicians
to document only factors that are most important in taking care
of patients rather than the burdensome requirements under the
current guidelines. Last, 3 new “extended visit” add-on G codes
were adopted to report additional resource costs that were still
not appropriately reflected in the revised outpatient E/M code set
(GPRO1, GPC1X, and GCG0X).1

RESPONSE BY ORGANIZED MEDICINE
Many specialty societies, including the American College of
Radiology (ACR) and AMA, raised concern over the 2019 MPFS
Final Rule, particularly the collapse of the payment of 2–4 levels
of E/M services. In direct response to the changes by the CMS,
the AMA established the Joint AMA CPT Workgroup on E/M
represented by a wide array of specialties, stakeholders, and
members of the CPT Editorial Panel and RUC to develop an al-
ternative solution and derive their own set of consensus recom-
mendations.1 The Workgroup presented their recommendations
to the Panel in February 2019 and the recommendations were
aligned with the initiatives already established by the CMS. They
were similarly intended to take effect on January 1, 2021, and also
included the option of using either only MDM or time (On-line
Table 1). Instead of consolidating them, the CPT Editorial Panel
retained the 5 levels of E/M services for established patients (CPT
codes 99211–99215) and modified new patient visits to 4 levels of
E/M services by deleting CPT code 99201 (previously defined as a
level 1 E/M visit for a new patient). The rationale was because
level 1 and 2 E/M visits for new patients are currently differenti-
ated by the 2 soon-to-be-defunct key components (history and
physical examination). They also proposed the add-on CPT code
(99XXX) for prolonged visits that would only be used when time
(rather than MDM) is chosen to determine the level of E/M serv-
ice. Additional changes included code descriptor revisions and
modifications to the MDM and time-interpretive guidance. The
AMA reports that its approach better reduces documentation bur-
den, more accurately reflects the current practice of medicine, is
more clinically intuitive, and is more likely to be adopted by third
party payers than policies within the 2019 MPFS Final Rule.1 The
revised E/M codes were subsequently resurveyed and then reval-
ued at the RUC meeting in April 2019, with the Committee’s final
recommendations ultimately being submitted to the CMS.

ADOPTION OF THE 2020 MPFS PROPOSED AND
FINAL RULE
The CMS largely adopted the alternative proposals set forth by the
CPT Editorial Panel in the 2020 MPFS proposed rule of August
2019 (On-line Table 1).1 Specifically, the CMS adopted the Panel’s

AJNR Am J Neuroradiol 41:1160–64 Jul 2020 www.ajnr.org 1161



interpretive guidance framework and coding language. CPT code
99201 was removed, and the remaining 4 established and 5 new
patient levels of E/M services were preserved. The CMS accepted
the RUC recommendations on the valuation of retained levels of
E/M services rather than the previously proposed blended rate. In
addition, the CMS adopted the new prolonged-visit CPT add-on
code (99XXX). The 99XXX CPT add-on code may be used only
with level 5 E/M visits and may be billed multiple times for the
same encounter for every 15-minute increment of additional time
required. In addition, because the CMS believed that the revalued
E/M codes still do not accurately capture resource costs for certain
types of E/M visits (eg, ongoing care during primary care and cer-
tain specialist visits related to a complex chronic condition), the
add-on G code GPC1X initially proposed in the 2019 MPFS pro-
posed rule will be retained. The update in valuation is scheduled to
take effect on January 1, 2021. Work RVUs will increase by up to
46% depending on the E/M code, and the add-on GPC1X code
was valued via a crosswalk to 100% of another CPT code valued at
0.33 work RVUs (On-line Table 2).1,2

GLOBAL SURGERY CODES
In addition to the above recommendations, there were also RUC
recommendations to adjust valuations for the E/M component of
codes, with a global period to ensure relativity with the changes
made to E/M visits.1 Codes with a global period are often used by
physicians billing for surgical procedures, and these global sur-
gery codes previously existed with either a 10- or 90-day global
period in which a certain number of postoperative E/M visits are
assumed to be furnished and included in their valuation during
that period. However, there are major challenges in accurately
accounting for the number of expected postoperative visits typi-
cally furnished and the consequent accuracy of the valuation.5

Preliminary data from the RAND
Corporation suggest that these global
surgery codes may have been misval-
ued. For example, only 4% and 39% of
the expected postoperative visits were
reported for procedures with 10- and
90-day global periods, respectively.6

Because of uncertainty regarding the
number of appropriate postoperative
E/M visits included as well as specifi-
cally how postoperative visits should
be valued in global codes relative to
stand-alone E/M visits, the CMS, at
this time, did not adopt the RUC-rec-
ommended changes to these global
surgery codes in the 2020 MPFS Final
Rule. The rationale was that adopting
the recommended revised values for E/
M services to the global surgery codes
would exacerbate any potential existing
relativity issues and further contribute
to potential misvaluation.2

IMPLICATIONS FOR
NEURORADIOLOGY

Why are these changes important to neuroradiology? At first
glance, they may seem less relevant to specialties that do not rou-
tinely furnish office visits, though interventional radiologists do
bill for E/M visits. More important however, the secondary effects
and redistribution of payments as a result of the increased valua-
tion of E/M visits are substantial. As mentioned above, the CMS
is required by law to annually adjust the CF to maintain budget
neutrality if changes in RVUs result in an increase or decrease in
the overall fee schedule. Specifically, changes in RVUs may not
result in annual Medicare expenditures differing by .$20 million
from what expenditures would have been without such changes.
The office/outpatient E/M codes account for one of the largest
portions of all Medicare spending, approximately 27% of
allowed charges in 2017,7 and even a small increase in valuation of
E/M codes will result in a sizeable increase in overall Medicare
spending if unadjusted. Given the statutory requirement for
budget neutrality, the projected increases in E/M visit reimburse-
ment will require a substantial reduction in the CF to offset such
increases. Consequently, all services furnished will see decreases in
payments due to the reduction in the CF. However, the increased
valuation of E/M services will offset these decreases and may even
increase overall payments for specialties that frequently bill for
these services, whereas specialties that do not would see overall
payment decreases.

In the 2020 MPFS proposed and Final Rule, the CMS pub-
lished an estimated impact table at the specialty level regarding
implementing changes to the E/M visits had they hypothetically
been effective this year (Figure).1,2 By specialty, diagnostic radiol-
ogy would experience one of the largest reductions in payments,
approximately 8%, and interventional radiology would also see a
substantial decrease, albeit to a lesser degree.1,2 The impact on
neurointerventionalists is lessened because many have their own

FIGURE. This histogram depicts the estimated percentage change in combined payment
(encompassing work, practice expense, and malpractice RVUs) at the specialty level for the com-
plete 2020 calendar year had the changes to the office/outpatient E/M visit coding and valuation
hypothetically been in effect starting January 1, 2020 (rather than January 1, 2021). The blue bars
highlight the 6% and 8% payment decreases projected for interventional and diagnostic radiol-
ogy, respectively. This impact analysis was performed by the CMS, considered for illustrative pur-
poses only, and adapted and modified from Table 120 of the 2020 MPFS Final Rule.2
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clinics and bill E/M codes. The analysis does assume 100% use of
the GPC1X add-on code by several specialties, though the CMS
reports that the analysis is only for illustrative purposes. If the
increased valuation of the E/M visits is further applied to global
surgery codes, this step will likely trigger an additional reduction
in the CF. To ensure relativity among other E/M services, a
potential subsequent revaluation of other E/M codes including
inpatient and nursing facility care services may further reduce the
CF and result in further payment reductions for diagnostic and
interventional radiology. Moreover, with the coronavirus disease
2019 (COVID-19) pandemic, expansion of telehealth services,
including E/M codes, and payment parity by the CMS could
impact the MPFS, particularly if relaxation of regulations continues
after the pandemic.

Assuming a scenario under the 2020 MPFS Final Rule Impact
Table,2 a diagnostic neuroradiologist receiving $400,000 annually
from professional fees alone from managing a population com-
prising 30%–50% Medicare patients could see a payment decrease
by $6000–$10,000 per year, with further impact depending on how
private payers adjust reimbursements.

The changes proposed by the CMS will take effect on January
1, 2021, with the redistribution of payments from specialists to
primary care physicians having been long advocated by the
Medicare Payment Advisory Commission (MedPAC), a nonpar-
tisan agency that provides analysis and advice on Medicare to
Congress. The MedPAC has been concerned that the undervalu-
ing of E/M services may lead to beneficiary access issues and
influence the pipeline of physicians in primary care specialties.
Similar concerns regarding access of Medicare beneficiaries to
advanced imaging services as a result of the 2021 E/M policy
change have been raised by the ACR.

MITIGATION AND OPPORTUNITIES
Updating documentation and payment for primary care physi-
cians to ensure adequate access for beneficiaries is important.
However, to accomplish this with redistribution of reimburse-
ment away from specialists could lead to access issues in other
areas. Although reimbursement changes specifically apply to
Medicare patients, there will likely be downstream effects to pri-
vate payer contracts that are typically negotiated as a percentage
of Medicare payments. The combination of payment decreases
from both Medicare and private payers may result in a diminu-
tion of neuroradiology professional and technical fees.

Congress and the CMS could thoroughly study the impact of
these revised E/M codes and assess unexpected shifts in claims to
higher patient-complexity E/M codes. It is important that this
analysis be performed before revising and revaluing any other
E/M codes, such as those related to inpatient and nursing facility
care. The CMS could evaluate the cost-sharing implications of
these higher paying E/M services to the patient, who is required
to pay a 20% copay of this higher valuation. This increased cost
that is passed on to the patient may actually decrease access to
primary care.8 The ACR and ASNR have already urged Congress
to consider temporarily suspending the budget-neutrality option
by which the CMS is statutorily required to abide,7 and this
request was again reiterated by the ACR and the ASNR for the
finalized implementation of the COVID-19 Phase 4 Relief

Package. Other options to mitigate the impact in the payment
redistribution are to encourage a dampening policy so that reduc-
tions are phased in over multiple years or to implement a ceiling
and floor in terms of maximum annual decreases and increases
in payments at the specialty levels.

A potential mechanism to dampen the 2021 proposed
changes includes the elimination of the add-on G code GPC1X.
The add-on code alone will substantially exacerbate the pay-
ment redistribution already present in the E/M code changes.
Multiple organizations, including MedPAC, have called into
question the need for this particular code as well as the lack of
guidance by the CMS in determining the necessity of billing for
this code. The changes to the office/outpatient E/M code family,
as well as other recent additions of CPT codes for chronic care
management and complex chronic care management (CPT
codes 99487, 99489–99490) and for care transition (CPT codes
99495–99496), signal that patient-facing and care coordination
activities are most valued. As payment policy evolves, neurora-
diologists should consider what opportunities are available
within this new paradigm.

Neuroradiologists who perform spine procedures can consider
taking a more active role in the longitudinal care of patients by
expanding their practice to include a clinic that bills E/M services.9

Advanced midlevel providers, such as nurse practitioners or phy-
sician assistants, could help coordinate the clinic, provide patient
education, and follow-up with patients after the procedure.

Ultimately, these E/M changes are only relevant in a fee-for-
service environment, and there are known efforts to move toward
value-based payment models. With these come another impetus
for radiologists to seek novel ways to offset decreases in fee-for-
service payments with data-driven efforts to deliver and demon-
strate value. Neuroradiologists will need to take a more active
role in defining unique practice paradigms outside the traditional
fee-for-service in which radiologists may have patient-facing
activities. Currently, there may be limited opportunities for neu-
roradiologists to bill for these types of services, but the impetus to
focus on face-to-face interactions and care coordination activities
has never been stronger.
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CT Scanning in Suspected Stroke or Head Trauma: Is it Worth
Going the Extra Mile and Including the Chest to Screen for

COVID-19 Infection?
R.M. Kwee, J. Krdzalic, B.A.C.M. Fasen, and T.M.H. de Jaegere,

for the COVID-19 CT Investigators South-East Netherlands (CISEN) Study Group

ABSTRACT

BACKGROUND AND PURPOSE: Chest CT may be used as a tool for rapid coronavirus disease 2019 (COVID-19) detection. Our aim
was to investigate the value of additional chest CT for detection of coronavirus 19 (COVID-19) in patients who undergo head CT
for suspected stroke or head trauma in a COVID-19-endemic region.

MATERIALS AND METHODS: Our study included 27 patients (mean age, 74 years; range, 54–90 years; 20 men) who underwent head
CT for suspected stroke (n¼ 21) or head trauma (n ¼ 6), additional chest CT for COVID-19 detection, and real-time reverse tran-
scriptase polymerase chain reaction testing in a COVID-19-endemic region. Sensitivity, specificity, and negative and positive predic-
tive values of chest CT in detecting COVID-19 were calculated.

RESULTS: Final neurologic diagnoses were ischemic stroke (n ¼ 11), brain contusion (n ¼ 5), nontraumatic intracranial hemorrhage
(n ¼ 2), brain metastasis (n ¼ 1), and no primary neurologic disorder (n ¼ 8). Symptoms of possible COVID-19 infection (ie, fever,
cough, and/or shortness of breath) were present in 20 of 27 (74%) patients. Seven of 27 patients (26%) had real-time reverse tran-
scriptase polymerase chain reaction confirmed–COVID-19 infection. Chest CT results were 6 true-positives, 15 true-negatives, 5
false-positives, and 1 false-negative. Diagnostic performance values of chest CT were a sensitivity of 85.7%, specificity of 75.0%,
negative predictive value of 93.8%, and positive predictive value of 54.6%.

CONCLUSIONS: The sensitivity of additional chest CT is fairly high. However, a negative result does not exclude COVID-19. The
positive predictive value is poor. Correlation of chest CT results with epidemiologic history and clinical presentation, along with
real-time reverse transcriptase polymerase chain reaction, is needed for confirmation.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; RT-PCR ¼ real-time reverse transcriptase polymerase chain reaction

The coronavirus disease 2019 (COVID-19) pandemic has
caused a global crisis. As of April 19, there were 2,356,475

confirmed cases and 162,070 deaths worldwide.1 In regions where
COVID-19 is highly endemic, some hospitals can barely handle
the influx of patients.2-4 Nevertheless, rapid triage and isolation
of patients with suspected COVID-19 are essential to prevent
hospital-related transmission of the virus to other patients and
health care workers.5,6 Stroke and traumatic brain injury are
highly prevalent worldwide7 and remain common reasons for
emergency department visits.8 These patients should be assessed
for COVID-19 infection on emergency department arrival in

COVID-19-endemic areas. One possible strategy is to perform

real-time reverse transcriptase polymerase chain reaction (RT-

PCR) in patients who are being hospitalized. However, a major

disadvantage of RT-PCR testing is that it takes several hours to

obtain results. It has been suggested that chest CT may be used as

a tool for rapid COVID-19 detection in endemic areas.9 Head CT

is the primary imaging technique of choice to evaluate patients

with suspected stroke10,11 or head trauma12 in the emergency set-

ting. Thus, it may be possible to perform additional chest CT for

COVID-19 detection in 1 session with head CT. This approach

could be particularly useful when rapid triaging is needed and

RT-PCR testing capacity and the number of isolation rooms are

limited. Furthermore, such a strategy poses a negligible extra bur-

den on available CT equipment and radiology personnel. In addi-

tion, the additional radiation exposure of chest CT is not a major

concern because patients with suspected stroke or head trauma

are usually older and chest CT can be performed with a low-dose

protocol.13 Therefore, the purpose of our study was to investigate
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the value of additional chest CT for COVID-19 detection in

patients who undergo head CT for suspected stroke or head

trauma in a COVID-19-endemic region.

MATERIALS AND METHODS
Patients
This retrospective study was approved by the institutional review
board of our hospital (Zuyderland Medical Center, Heerlen/
Sittard/Geleen, the Netherlands) (No. Z2020061), and patient
consent was waived. We included 27 consecutive patients (mean
age, 74 years; range, 54–90 years; 20 men) who were evaluated for
suspected stroke (n ¼ 21) or head trauma (n ¼ 6) in our hospital
between March 12, 2020, and April 14, 2020. Our hospital, one of
the largest general hospitals in the Netherlands, was located in a
COVID-19-endemic region. Our study period encompassed the
peak of the highest registered number of daily COVID-19 infec-
tions in the Netherlands.14 During the study period, patients had
to be transported to other hospitals because the intensive care
unit of our hospital was becoming overloaded (as of April 1,
2020, eighty-three percent of all intensive care unit beds were
occupied by patients with COVID-19). All 27 patients underwent
head CT, additional chest CT for COVID-19 detection, and RT-
PCR testing of nasopharyngeal and oropharyngeal swabs. In 3
patients with suspected stroke, CTA was also performed from the
aortic arch to the vertex to evaluate for intracranial large-vessel
occlusion.

Chest CT Protocol
Chest CT was performed on either a 64-section CT scanner
(Incisive; Philips Healthcare) or on a 64-section dual-source scan-
ner (Somatom Definition Flash; Siemens). Scanning parameters
were the following: collimation ¼ 64� 0.625 or 0.6mm, Tube
voltage ¼ 120 kV(peak), Tube current ¼ 667 maximum mA or
404 maximum mA, pitch ¼ 1.0 or 1.2, and matrix size 5 ¼

12� 512. CT images were reconstructed with a lung kernel in the
transverse plane with a 1.0-mm section thickness and a 1.0-mm
increment. Images were also reconstructed in axial, coronal, and
sagittal planes with a 3.0-mm section thickness.

Chest CT Interpretation and Reference Standard
Chest CT findings were categorized according to the Radiological
Society of North America chest CT classification system for
reporting COVID-19 pneumonia—ie, typical, indeterminate,
atypical, and negative (Table 1).15 Typical and indeterminate
chest CT findings were considered positive, whereas atypical and
negative chest CT findings were considered negative for COVID-
19. All chest CT scans were prospectively read by radiologists
who were available when CT was performed. Results of RT-PCR
testing, (ie, positive or negative for COVID-19 infection) served
as the reference standard.

Statistical Analysis
The number of true-positive, true-negative, false-positive, and
true-negative chest CT results was determined. Subsequently,
sensitivity, specificity, negative predictive value, and positive pre-
dictive value of chest CT in diagnosing COVID-19 were calcu-
lated. Statistical analyses were performed using SPSS Statistics for
Windows (Version 20.0; IBM).

RESULTS
Patients
Final neurologic diagnoses were ischemic stroke (n ¼ 11), brain
contusion (n ¼ 5), nontraumatic intracranial hemorrhage (n ¼
2), brain metastasis (n ¼ 1), and no primary neurologic disorder
(n ¼ 8). Correlation of symptoms of possible COVID-19 infec-
tion (ie, fever, cough, and/or shortness of breath16), chest CT
findings, and RT-PCR results are shown in Table 2. Symptoms of
possible COVID-19 infection were present in 20 of 27 (74%)

Table 1: Radiological Society of North America chest CT classification system for reporting COVID-19 pneumonia (adapted from
reference 15)

COVID-19 Pneumonia
Imaging Classification Rationale CT Findings

Typical appearance Commonly reported imaging features
of greater specificity for COVID-19
pneumonia

Peripheral, bilateral GGOs with or without consolidation or visible
intralobular lines (“crazy-paving”)

Multifocal GGOs of rounded morphology with or without
consolidation or visible intralobular lines (crazy-paving)

Reverse halo sign or other findings of organizing pneumonia (seen
later in the disease)

Indeterminate
appearance

Nonspecific imaging features of
COVID-19 pneumonia

Absence of typical features AND
Presence of:
Multifocal, diffuse, perihilar, or unilateral GGO with or without
consolidation lacking a specific distribution and are non-rounded or
non-peripheral

Few very small GGO with a non-rounded and non-peripheral
distribution

Atypical appearance Uncommonly or not reported
features of COVID-19 pneumonia

Absence of typical or indeterminate features AND
Presence of:
Isolated lobar or segmental consolidation without GGO
Discrete small nodules (centrilobular, “tree-in-bud”)
Lung cavitation
Smooth interlobular septal thickening with pleural effusion

Negative for pneumonia No features of pneumonia No CT features to suggest pneumonia

Note:—GGOs indicates ground-glass opacities
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patients. The median time interval between CT and RT-PCR was
0 days (range, 0–7, days; interquartile range, 0–1 day). In 2 of 4
patients with a chest CT result positive for COVID-19 but nega-
tive findings on the initial RT-PCR, repeat RT-PCR was per-
formed (with findings remaining negative). Seven of 27 patients
(26%) had RT-PCR–confirmed COVID-19 infection. Six patients

with RT-PCR–confirmed COVID-19 were symptomatic, whereas
1 patient with RT-PCR–confirmed COVID-19 was asymptom-
atic. In the asymptomatic patient with RT-PCR–confirmed
COVID-19, abnormalities suspicious for COVID-19 were already
visible in the upper lung fields on CTA, which was confirmed on
additional chest CT (Fig 1). In another patient with head trauma
and fever, chest CT findings were negative, whereas RT-PCR
4days after CT showed COVID-19. This patient was not isolated
until the RT-PCR results were known.

Diagnostic Yield of Chest CT
Typical, indeterminate, atypical, and negative chest CT features
for COVID-19 were present in 3, 8, 2, and 14 patients, respec-
tively. Figs 1 and 2 show examples of typical chest CT features
of COVID-19, whereas Fig 3 shows an example of atypical chest
CT features of COVID-19. Chest CT results were 6 true-positi-
ves, 15 true-negatives, 5 false-positives, and 1 false-negative.
Diagnostic performance values of chest CT were a sensitivity of
85.7%, specificity of 75.0%, negative predictive value of 93.8%,
and positive predictive value of 54.6%.

DISCUSSION
Our initial experience in 27 patients with an emergency indica-
tion for head CT shows that the sensitivity of additional chest
CT for COVID-19 is fairly high. An estimated 5%–80% of
COVID-19-infected persons may be asymptomatic.17 Although
asymptomatic, they may transmit the disease to others.18-21 In
our study, 7 of 27 patients (26%) did not have symptoms of pos-
sible COVID-19 infection (ie, fever, cough, and/or shortness of
breath16). One of these asymptomatic patients proved to be
infected with COVID-19 by RT-PCR. This finding underlines
the importance of vigilantly evaluating the lungs on CTA scans of
patients with stroke in a COVID-19-endemic region, even when
they are asymptomatic. However, a negative result does not
exclude COVID-19. In 1 patient with head trauma and fever,
chest CT had negative findings, whereas RT-PCR 4 days after
CT showed COVID-19 infection. This patient was not iso-
lated until the RT-PCR results were known and could have
put other patients and health care workers at risk to become
infected too. Furthermore, the positive predictive value of

chest CT was poor. If only chest CT
results were used to make patient-
management decisions, too many
cases would unnecessarily occupy
isolation rooms. Therefore, correla-
tion with epidemiologic history
and clinical presentation, along
with the RT-PCR, is needed for
confirmation.22

The diagnostic accuracy of chest
CT has been investigated by a few pre-
vious studies,9,23,24 in different popu-
lations. Our study is unique in that it
investigated the value of additional
chest CT in patients who already
underwent head CT in a COVID-19-
endemic region, compared with

FIG 1. A 73-year-old male patient who underwent head CT and CTA
to evaluate intracranial large-vessel occlusion. This patient did not
have symptoms of COVID-19 infection (ie, no fever, cough, and/or
shortness of breath). Axial chest CT image shows ground-glass opac-
ities posteriorly located in both upper lobes (arrows). These CT fea-
tures were interpreted as typical for COVID-19 pneumonia, which
was confirmed by RT-PCR.

FIG 2. An 83-year-old male patient who underwent head CT for suspected stroke. This patient had
symptoms of possible COVID-19 infection (cough and shortness of breath). Axial chest CT images
at the level of the aortic arch (A) and heart (B) show ground-glass opacities posteriorly and periph-
erally, located in both upper lobes (arrows in A and B) and in the left lower lobe (arrow, B). These
CT features were interpreted as typical for COVID-19 pneumonia, which was confirmed by RT-PCR.

Table 2: Correlation between symptoms of possible COVID-19
infection (ie, fever, cough, and/or shortness of breath16), chest
CT findings, and RT-PCR results

RT-PCR,
Positive
Results

RT-PCR,
Negative
Results

Chest CT, positive findings 5a/1b 3a/2b

Chest CT, negative findings 1a/0b 11a/4b

a Symptomatic patients.
b Asymptomatic patients.
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previous studies that reported chest CT as a stand-alone
method in patients who may otherwise not have undergone CT
scanning.9,23,24 Furthermore, our study also included asymp-
tomatic patients (26% of our study population) with respect to
possible COVID-19. Because of the inclusion of patients with-
out any COVID-19 symptoms, the overall prevalence of
COVID-19 infection in our study population was lower than
that in previous studies9,23,24 (26% in our study versus 39%–

85% in previous studies9,23,24). Nevertheless, the fairly high sen-
sitivity and poor specificity of additional chest CT is in line
with the findings of previous studies that reported sensitivity
and specificity values of 93.2%–97.0%, and 25.0%–53.3%,
respectively.9,23,24 Most important, our observation that a nega-
tive chest CT result does not exclude COVID-19 is supported
by a study among passengers from the cruise ship Diamond
Princess, which showed that 6 of 28 symptomatic patients with
COVID-19 had normal chest CT findings.25

RT-PCR of nasopharyngeal and oropharyngeal specimens is
considered the standard to diagnose COVID-19.26-29 However,
currently available RT-PCR tests are time-consuming (it takes
several hours before the results are known), and there is still rela-
tively limited RT-PCR testing capacity worldwide.30,31 In a heav-
ily constrained environment with a lack of sufficient RT-PCR
testing capacity and a shortage of isolation beds, additional chest
CT may be performed to detect COVID-19 in patients who have
already undergone head CT. The data from this study may be
used to weigh the potential advantages and disadvantages of per-
forming additional chest CT in such settings. On a different note,
additional chest CT in patients who require CT scanning of other
body regions may also be helpful for taking appropriate actions
in a timely manner to maintain the safety of the CT room. If chest
CT findings are positive for possible COVID-19, the CT room
should be decontaminated (room downtime for decontamination
is typically between 30minutes to 1 hour32) before scanning the
next patient.

Our study has some limitations. First, the number of included
patients was relatively low. Nevertheless, we were able to demon-
strate the value of additional chest CT for COVID-19 detection
in patients with suspected stroke or head trauma. Second, in

only 2 of 5 patients with positive find-
ings on chest CT but negative find-
ings on the initial RT-PCR was repeat
RT-PCR performed (with findings
remaining negative) due to the lim-
ited availability of RT-PCR kits in our
hospital. Only patients in whom clin-
ical suspicion of COVID-19 persisted
were retested.

CONCLUSIONS
The sensitivity of additional chest CT
is fairly high. However, a negative
result does not exclude COVID-19.
The positive predictive value is poor.
Correlation of chest CT results with
epidemiologic history and clinical pre-
sentation, along with RT-PCR, is

needed for confirmation.
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Cerebrovascular Disease in COVID-19
Michael F. Goldberg, Morton F. Goldberg, R. Cerejo, and A.H. Tayal

ABSTRACT

SUMMARY: Coronavirus disease 19 (COVID-19) is a pandemic originating in Wuhan, China, in December 2019. Early reports suggest
that there are neurologic manifestations of COVID-19, including acute cerebrovascular disease. We report a case of COVID-19 with
acute ischemic stroke. To our knowledge, this is the first reported case of COVID-19-related cerebral infarcts that includes brain
imaging at multiple time points and CT angiography. There is a growing body of published evidence that complications of COVID-
19 are not limited to the pulmonary system. Neuroradiologists should be aware of a wide range of neurologic manifestations,
including cerebrovascular disease.

ABBREVIATIONS: ACA ¼ anterior cerebral artery; ACE2 ¼ angiotensin converting enzyme 2; COVID-19 ¼ coronavirus disease 19; SARS-CoV-2 ¼ Severe
Acute Respiratory Syndrome coronavirus-2

Coronavirus disease 2019 (COVID-19), the pandemic disease
caused by the Severe Acute Respiratory Syndrome coronavi-

rus-2 (SARS-CoV-2), began in December 2019, in Wuhan,
China.1 Common presenting symptoms and signs of COVID-19
include fever, cough, and shortness of breath.2 In addition, there
have been typical pulmonary findings that have been described
on chest CT and chest radiographs.3

There is a growing body of published evidence that complica-
tions of COVID-19 are not limited to the pulmonary system.4

They include a wide range of neurologic manifestations, such as
acute cerebral infarcts.5,6 We report a case of acute COVID-19
with acute cerebral infarcts, demonstrated by NCCT and extracra-
nial/intracranial CTA. To our knowledge, this is the first reported
case of COVID-19-related cerebral infarcts to include brain imag-
ing at multiple time points and CT angiographic imaging.

CASE REPORT
A 64-year-old man presented to the emergency department of
Allegheny General Hospital with a wake-up stroke with symptoms
of left-sided hemiparesis and shortness of breath. The patient’s last

known well time was .4.5 hours from onset, and intravenous
thrombolysis was not recommended. Sixteen days before admis-
sion, the patient had been evaluated for fever and myalgias and
diagnosed with COVID-19 after testing positive for SARS-CoV-2.
The diagnosis of COVID-19 was confirmed during the hospital
admission via nasopharyngeal swab and reverse transcription poly-
merase chain reaction testing. The patient’s relevant medical history
included hypertension, aplastic anemia, and splenectomy.

In the emergency department, the patient was tachycardic and
hypertensive; demonstrated rapid progressive acute hypoxemic re-
spiratory failure; and required intubation with mechanical ventila-
tion. A chest CT revealed extensive, bilateral ground-glass opacities,
consistent with acute respiratory distress syndrome due to COVID-
19. Due to respiratory and hemodynamic instability, immediate
brain and CT angiographic imaging in the emergency department
could not be performed safely.

Approximately 5 hours after hospital admission, NCCT revealed
large areas of mild hypoattenuation and loss of gray-white differen-
tiation in the territories of the right MCA and bilateral anterior cer-
ebral arteries (ACAs) (Fig 1). Extracranial/intracranial CTA
revealed a 20-mm segmental high-grade stenosis of the proximal
ICA at the level of the ICA bifurcation (Fig 2). Given that the
patient had evidence of mild, diffuse extracranial and intracranial
atherosclerotic disease, the high-grade stenosis of the right ICA was
favored to represent atherosclerotic disease; however, acute throm-
bus could have had a similar appearance. The intracranial CTA
revealed no large-vessel occlusion, but there was markedly dimin-
ished flow in the distal branches of the right MCA and the bilateral
ACAs (Fig 2). Approximately 24 hours later, a repeat NCCT
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revealed worsening cerebral edema and mass effect of the infarcts
of the right MCA and bilateral ACA territories, consistent with the
expected evolution of acute ischemia (Fig 1).

Laboratory testing showed an elevated white blood cell count
and evidence of coagulopathy, including an elevated prothrombin
time, increased D-dimer level, increased fibrinogen level, a mark-
edly elevated serum ferritin level, and abnormal elevation of the
antiphospholipid antibody, anticardiolipin immunoglobulin M.

DISCUSSION
A recent case series of 214 patients with COVID-19 from Wuhan,
China, reported that 36% of patients demonstrated neurologic
manifestations, and acute cerebrovascular disease was reported in
6% of severely affected patients.5 The precise mechanism for the

cerebral ischemia in the clinical setting of COVID-19 is not
known, but there is strong evidence for the development of a tran-
sient hypercoagulable state, especially in severe disease.7

In a study of 191 patients with COVID-19 in Wuhan, China,
researchers found that D-dimer levels of.1mg/L were associated
with an 18-fold increase in odds of death before discharge.2

D-dimer is a product of fibrin clot degradation and is indicative
of recent or current clot formation.

In Zhou et al,2 patients with COVID-19 with an elevated serum
ferritin level of .300mg/L had a 9-fold increase in the odds of
death before discharge. Hyperferritinemia, although nonspecific,
can be a marker of an inflammatory response.8 Hyperferritinemia
can also be seen in the antiphospholipid syndrome and its variant,
catastrophic antiphospholipid syndrome, both of which are associ-
ated with arterial and venous thromboses.9 This patient with
hyperferritinemia also had elevated anticardiolipin immunoglobu-
lin M antibodies, and antiphospholipid syndrome has been
recently implicated in the coagulopathy associated with cerebral is-
chemia in patients with COVID-19.10

Endothelial damage may also play a role in the pathogenesis
of cerebral ischemia in severe COVID-19. Specifically, SARS-
CoV-2 infects cells via binding of the spike protein of the virus to
the angiotensin converting enzyme 2 (ACE2) receptors.11 ACE2
receptors are found not only in the alveolar epithelial cells of the
lungs but also in the vascular endothelium.12 Therefore, patients
with severe COVID-19 may be at risk of thrombogenesis and cer-
ebral ischemia due to both biochemical hypercoagulable states
and direct vascular endothelial injury. In our patient, this risk is a
distinct possibility because there were large territorial infarcts de-
spite the absence of an intracranial large-vessel occlusion.

In addition, myocardial injury has been reported in 22% of
patients with COVID-19 requiring an intensive care unit, and car-
diac embolization may also have a contributory role in COVID-
19-related cerebral ischemia.13

Finally, this patient had evidence of atherosclerotic disease.
Systemic infection, such as that demonstrated in this patient, is
associated with activation of immune and inflammatory pathways
leading to plaque disruption, serving as a source of thrombosis.14

This patient died on hospital day 3 due to COVID-19, and
clinical and laboratory evaluations were incomplete; therefore, a

FIG 1. A, NCCT on the day of admission demonstrates subtle findings of acute ischemia in the right MCA (arrowheads) and bilateral ACA
(arrows) territories, including hypoattenuation and loss of gray-white differentiation. B, Repeat NCCT on hospital day 2 demonstrates progres-
sion of acute infarcts in the right MCA and bilateral ACA territories, including worsening edema and mass effect.

FIG 2. A, Sagittal MIP image from the extracranial CTA performed on
the day of admission demonstrates a segmental high-grade stenosis of
the proximal right internal carotid artery (arrows). There is normal flow
in the right common carotid and external carotid arteries. B, Axial MIP
of the intracranial CTA performed on the day of admission demon-
strates markedly decreased vascular flow within the branches of the
right MCA (arrowheads) and bilateral ACAs (arrows). Conversely, there
is normal vascular flow in the left MCA and bilateral posterior cerebral
artery territories.
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more precise pathogenic mechanism of the cerebral infarcts in
this patient is indeterminate. It is also not known why only a
small percentage of severely affected patients with COVID-19
have cerebral ischemia, whereas most do not.

In conclusion, we report a case of COVID-19 with acute cere-
brovascular disease. We believe this is the first published case to
include angiographic imaging. Manifestations of COVID-19 are
not limited to the respiratory system, and neuroradiologists
should be aware of the associated cerebrovascular disease and its
potential underlying etiologies.
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Hemorrhagic Posterior Reversible Encephalopathy Syndrome
as a Manifestation of COVID-19 Infection

A.M. Franceschi, O. Ahmed, L. Giliberto, and M. Castillo

ABSTRACT

SUMMARY:We describe 2 hospitalized patients with confirmed coronavirus 19 (COVID-19) infection in whom brain imaging showed
hemorrhagic posterior reversible encephalopathy syndrome, and we discuss the possible reasons for these findings and their rela-
tionship to the infection.

ABBREVIATIONS: ACE2 ¼ angiotensin-converting enzyme 2; COVID-19 ¼ coronavirus 19; PRES ¼ posterior reversible encephalopathy syndrome; SARS-CoV-
2 ¼ Severe Acute Respiratory Syndrome coronavirus 2

The current pandemic of Severe Acute Respiratory Syndrome
coronavirus 2 (SARS-CoV-2) coronavirus 19 (COVID-19) has,

to date, infected nearly 2 million people worldwide, resulting in
.120,000 deaths as of mid-April 2020, spreading across continents
with cases reported in 213 countries and territories.1 Thus far, the
scientific literature in terms of diagnosis and therapeutics has pri-
marily focused on the respiratory status of affected individuals.2

Neurologic manifestations are becoming increasingly recognized3-5

and have been described in 78 of 214 (36.4%) patients in a study of
patients with severe and nonsevere conditions who are positive for
COVID-19. The findings can be, in part, attributed to the affinity of
SARS-CoV-2 coronavirus for the angiotensin-converting enzyme 2
(ACE2) receptor, which is a relatively common functional receptor
in both the respiratory and nervous systems. In fact, in some
patients, neurologic symptoms preceded respiratory illness by sev-
eral days or were the only indicators of disease in otherwise asymp-
tomatic COVID-19 carriers.5 Postmortem data have demonstrated
hyperemic and edematous brain parenchyma with associated neu-
ronal degeneration in early postmortem studies of patients with
SARS-CoV-2,6 and similar neurologic manifestations have been
reported in related coronavirus infections such as SARS andMiddle
East Respiratory Syndrome.7,8

Case Reports
Patient 1. A 48-year-old male airline pilot was exposed to
COVID-19 on March 12, 2020, and then self-quarantined. With
the exception of obesity, the patient had no pertinent medical or
surgical history and was not on any medications.

He subsequently developed fever and cough on March 17,
had polymerase chain reaction testing positive for SARS-CoV-2,
and was admitted into a local hospital for medical care. Two days
later, the fever progressed to 105°F and he developed difficulty
breathing and was transferred to a tertiary medical center for in-
tensive care unit care and was placed on mechanical ventilation.
On March 25, he developed shock with widely varying blood
pressures from 70/30 to 180/90 mm Hg during his intensive care
stay. On April 4, he was diagnosed with inflammatory cytokine
release syndrome (high D-dimer, lactate dehydrogenase, C-reac-
tive protein, and ferritin values) and developed an altered mental
status. Noncontrast CT of the head was obtained and demon-
strated focal vasogenic/cytotoxic edema in the posterior parieto-
occipital regions bilaterally, which was subcortical in distribution,
with a small right-sided hemorrhage (Fig 1); concurrently
obtained CT venogram findings were normal. The patient was
extubated and transferred to a medical floor on April 10, with
gradual improvement in his mental status. MR imaging of the
brain was performed on April 13 and confirmed vasogenic edema
in the posterior parieto-occipital regions with subacute blood
products suggestive of hemorrhagic posterior reversible ence-
phalopathy syndrome (PRES). SWI revealed extensive petechial
hemorrhages diffusely distributed throughout the corpus cal-
losum (Fig 2).

Patient 2. A 67-year-old woman with multiple comorbidities
and past medical history of hypertension, diabetes, coronary
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artery disease, gout, and asthma resided in a local rehabilitation
and skilled nursing center affected by the COVID-19 outbreak.

On March 25, she developed altered mental status, including
lethargy and confusion, and was transferred to our hospital. In the
emergency department, the patient was afebrile, with laboratory
values notable for Cr ¼ 1.65, blood urea nitrogen ¼ 23, lactate ¼
2.3, and mild hyponatremia. Arterial blood gases were normal, and
she denied cough, chest pain, and shortness of breath. The patient
had variations in blood pressure, ranging from 115/72 to 178/83
mm Hg at admission. Chest CT demonstrated bilateral multifocal
ground-glass opacities concerning for COVID-19 pneumonia
due to its high prevalence in the region. Findings of a polymerase
chain reaction test were positive for SARS-CoV-2 on March 27.
Noncontrast head CT demonstrated edema in the bilateral parieto-
occipital regions with associated mass effect and cortical sulcal
effacement (Fig 3). MR imaging of the brain performed on March
27 revealed multiple areas of restricted diffusion with associated
edema, most extensive in the posterior parieto-occipital lobes but
also in the right frontal lobe, basal ganglia, and cerebellar hemi-
spheres. The SWI sequence demonstrated extensive superimposed
hemorrhages in the parieto-occipital region along with abnormal
enhancement (Fig 4). Findings of concurrently performed MR an-
giography of the head and neck were unremarkable: Specifically,
evaluation of the posterior circulation demonstrated a patent verte-
brobasilar system. The patient remained afebrile with normal
respiratory status, including oxygen saturation; after gradual
improvement in her mental status, she was discharged.

DISCUSSION
PRES is a well-described phenome-
non presenting clinically as an acute
neurologic syndrome with headache,
altered mental status, seizures, and/or
visual disturbances and accompanied
by fluctuations in blood pressure.9 It is
associated with conditions such as
eclampsia and preeclampsia and vari-
ous autoimmune and rheumatologic
disorders, in the setting of cytoto-
xic and immunosuppressive treat-
ments. The underlying pathophysio-
logic mechanism of PRES remains
controversial but is commonly attrib-
uted to alterations in the integrity of
the BBB, possibly due to loss of autor-
egulation and/or endothelial dysfunc-
tion. Dominant imaging features of
PRES include vasogenic edema pre-
dominantly in the parieto-occipital
lobes, though abnormalities may also
be seen in the watershed distribu-
tions, frontal lobes, inferior temporal
lobes, basal ganglia, brain stem, and
cerebellum. Furthermore, reports
have described hemorrhagic compli-
cations of PRES in 15%–20% of cases,
including both petechial hemorrhages

FIG 1. Axial noncontrast CT demonstrates edema in the posterior
parieto-occipital regions (black arrows) with a superimposed small
right-side hemorrhage (white arrow).

FIG 2. Brain axial DWI (A), FLAIR (B), precontrast T1-weighted (C), postcontrast T1-weighted (D),
and susceptibility-weighted (E and F) images obtained 8 days after CT demonstrate a small infarct
in the right occipital region (arrow, A), persistent edema in the posterior parieto-occipital regions
(hollow black arrows, B), subacute blood products in the location of the infarction (solid white
arrow, C), and some contrast enhancement (hollow white arrow, D). There are diffuse petechial
hemorrhages on SWI throughout the corpus callosum (white arrows, E and F).
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and intraparenchymal hematomas, as was the case with our
patients. PRES-related intracranial hemorrhage has been associ-
ated with poor patient outcome.10-12 In addition, abnormal con-
trast enhancement may also be seen in some patients with PRES
as the parenchymal insult becomes subacute. Occasionally,
patients may also develop cytotoxic edema, which is reflected by
restricted diffusion on MR imaging, such as was seen in our
patients.9,13

COVID-19-infected critically ill patients have a massive
inflammatory reaction that is proposed to be due to rapid accu-
mulation of T-cells and macrophages, resulting in release of a
large number of cytokines into the bloodstream aiming to destroy

the offending pathogen and resulting in numerous clinical mani-
festations known commonly as cytokine release syndrome.14-16

Classic laboratory findings of cytokine release syndrome include
decreased T-cells and natural killer cells and, most important, an
increase in interleukin 6, leading to clinical symptoms of fever
and multiorgan dysfunction. This massive release of cytokines
may damage and result in breakdown of the BBB and is a mecha-
nism that may explain the development of PRES in our patients
with COVID-19. Furthermore, hypoxia is a well-known trigger of
inflammation, both at the local and systemic levels.17,18 Both of
our patients had labile blood pressures, with the first patient rap-
idly fluctuating from significant hypotension to severe hyperten-
sion in a short time. This also is a commonly described risk factor

for the development of PRES and may
explain the neuroimaging findings. In
addition, the COVID-19 virus, by
means of the spike protein S1, has a
high affinity for the human ACE2
receptors, which are expressed on
numerous cells types, including the
capillary endothelium.5,19-22 Current
data suggest that engagement of the
endothelium by the virus can cause
damage to its lining and result in
increased permeability of the BBB.
This scenario can result in loss of
homeostatic regulation of blood flow
to the brain, increased susceptibility to
blood pressure changes, and, as in our
patients, brain edema. The presence of
superimposed hemorrhages may be
related to coagulopathy, which is also
a sequela of cytokine release syndrome
due to liver dysfunction and con-
sumption of clotting factors as part of
the disseminated intravascular coagu-
lation cascade.

It is suspected that endothelial dam-
age to the BBB precedes the actual inva-
sion of the virus into the brain. Once
the virus accesses the brain, it may also
attack neurons, by virtue of the S1-
ACE2 interaction. This may be the prel-
ude to severe parenchyma destruction
seen in acute necrotizing encephalop-

athy.3,4,23-25 In this context, can COVID-19-mediated PRES be con-
sidered a gateway to COVID-19-mediated a cute necrotizing
encephalopathy? Although the pathogenesis of postinfectious acute
necrotizing encephalopathy may be related to the same cytokine
storm that has been described in patients with COVID-19 and may
also be responsible for some cases of PRES, a link between both is
still not well established.3,19,25 Acute necrotizing encephalopathy
typically involves different brain regions, including the thalami, a
finding not observed in our patients.4,23,24 Both of our patients
recovered with medical management and did not develop more
ominous brain lesions, in line with described favorable clinical out-
comes of most cases of non-COVID-19 PRES.

FIG 3. Axial noncontrast CT images demonstrate vasogenic/cytotoxic
edema in the parieto-occipital regions suggestive of PRES (arrows).

FIG 4. Brain axial DWI (A), FLAIR (B), precontrast T1-weighted (C), postcontrast T1-weighted (D)
and SWI (E and F) obtained after CT demonstrate bilateral posterior infarctions (white arrows, A),
edema in the posterior parieto-occipital regions (white arrows, B), and some contrast enhance-
ment (hollow white arrow, D; compare with C). Selected SWI shows extensive blooming artifacts
compatible with hemorrhages predominantly in the cortex (white arrows, E and F). Findings are
more pronounced on the right side.

AJNR Am J Neuroradiol 41:1173–76 Jul 2020 www.ajnr.org 1175



CONCLUSIONS
We presented 2 patients with COVID-19 who demonstrated imag-
ing findings compatible with hemorrhagic PRES. Although multi-
factorial, PRES in hospitalized patients with COVID-19 may be
explained by a combination of cytokine release syndrome and
direct SARS-CoV-2–mediated breakdown of the BBB, rendering
patients susceptible to developing PRES, particularly in the setting
of labile blood pressure. Despite significant brain abnormalities,
both patients survived and showed normal mental status following
the resolution of COVID-19-associated symptoms. PRES may be a
neurologic manifestation of COVID-19 infection.
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Surprise Diagnosis of COVID-19 following Neuroimaging
Evaluation for Unrelated Reasons during the Pandemic in

Hot Spots
R. Jain, M. Young, S. Dogra, H. Kennedy, V. Nguyen, and E. Raz

ABSTRACT

SUMMARY: During the height of the recent outbreak of coronavirus 19 (COVID-19) in New York City, almost all the hospital emergency
departments were inundated with patients with COVID-19, who presented with typical fever, cough, and dyspnea. A small number of
patients also presented with either unrelated conditions (such as trauma) or other emergencies, and some of which are now known to
be associated with COVID-19 (such as stroke). We report such a scenario in 17 patients who were admitted and investigated with CT
spine imaging and CT angiography for nonpulmonary reasons (trauma¼ 13, stroke¼ 4). Their initial work-up did not suggest COVID-19
as a diagnosis but showed unsuspected/incidental lung findings, which led to further investigations and a diagnosis of COVID-19.

During the height of the recent outbreak of coronavirus 19
(COVID-19) in New York City, one of the worst affected

regions in the United States, almost all hospital emergency
departments were inundated with patients with COVID-19, who
presented with typical fever, cough, and dyspnea, though a small
number of patients also presented with either unrelated condi-
tions (eg, trauma) or other atypical emergencies, some of which
are now known to be associated with COVID-19 (eg, stroke).1

We discuss 17 such patients who presented to the emergency
department with nonpulmonary symptoms and did not raise the
suspicion of COVID-19 at the time of admission. Initial nonpul-
monary imaging in the emergency department led to the discov-
ery of incidental lung findings that triggered further testing for
Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-
2) with an eventual diagnosis of COVID-19.

MATERIALS AND METHODS
Four hundred seventy-three of a total of 3160 patients positive
for COVID-19 who were admitted to NYU Langone Health, New
York City, between March 1, 2020, and April 13, 2020, were
investigated with various neuroimaging examinations (CT, MR
imaging, and angiography), some of which included partial cov-
erage of the bilateral lung fields. A confirmed case of COVID-19
was defined as a positive result on a real-time reverse

transcriptase polymerase chain reaction assay of nasopharyngeal
or oropharyngeal swab specimens. While reviewing these 473
patients, we identified a subgroup of 17 patients (range, 44–
93 years of age; mean age, 72 years; male/female ratio: 8:9) in
whom COVID-19 as a diagnosis was not suspected at the time of
admission and who underwent neuroimaging.

This study was approved by the NYU Grossman School of
Medicine institutional review board, which granted both a waiver
of informed consent and a waiver of the Health Insurance
Portability and Accountability Act.

RESULTS
The reason for the imaging study in these 17 patients was trauma
(n¼ 13) evaluated with spine CT (cervical spine¼ 11, thoracic
spine¼ 2; with coverage of the posterior lungs) and acute stroke
(n¼ 4) evaluated with CT angiography of the brain and neck (with
coverage of the lung apices). Twelve of 13 patients with trauma had
a history of a mechanical fall related to syncope or dizziness. These
CT studies did not show any findings related to spine trauma or
acute stroke but revealed suspicious lung findings with multifocal,
peripheral, ground-glass opacities in both lungs (Figure). Lung
findings were mentioned prospectively in the imaging reports as sus-
picious for pneumonia and viral etiology. All these patients under-
went further laboratory investigations based on the surprising lung
findings, and the diagnosis of COVID-19 was confirmed with a
reverse transcriptase polymerase chain reaction assay of nasopharyn-
geal or oropharyngeal swab specimens, according to the World
Health Organization interim guidance.2 Eight of 17 patients on fur-
ther questioning after the COVID-19 diagnosis did confirm a his-
tory of cough in the days preceding presentation to the emergency
department. Despite the initial admission not being related to pul-
monary symptoms, 14 patients were eventually managed for varying
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severity of respiratory symptoms and 6 patients had high oxygen
requirements during their hospital stay. Three patients required a
non-rebreather mask with an oxygen flow rate of.15 L/min, and 3
patients needed endotracheal intubation and ventilator support.
These patients required hospital admission for a mean of 7.29days
(range, 2–15days), and 2 patients ultimately died due to COVID-
19-related complications (1- and 6-day hospital stays).

DISCUSSION
One of the major reasons for the very high community spread of
SARS-CoV-2 (COVID-19) is that viral loads are being detected in
asymptomatic individuals or mildly symptomatic patients.3,4 Fifty-
six percent of asymptomatic residents of a skilled nursing home fa-
cility tested positive for COVID-19 in a recent study and likely con-
tributed to disease transmission.4 High viral loads are almost always
present soon after symptom onset, unlike SARS in 2002–2003,
when viral shedding only happened after a patient was extremely
symptomatic.3 Our study builds on this evidence by demonstrating
that during the height of the COVID-19 pandemic in hot spots,
there are many unsuspected and asymptomatic patients who are
admitted to the emergency department and urgent care centers for
either non-COVID-19-related reasons or atypical COVID-19
symptoms. These patients may neither be initially screened for
COVID-19 nor isolated with precautions needed to curb the spread
of the virus because the admission appears unrelated to COVID-19.
Therefore, they may come in contact with multiple health care
workers in the emergency department, including first responders or
even various imaging/laboratory technologists, who may not have
taken all the required precautions while handling or treating them.

Our case series will have a major
impact on medical practice policies.
For example, imaging/laboratory tech-
nologists or even receptionists at these
clinics, laboratories, and imaging cen-
ters who will be coming in first contact
with many of these otherwise asymp-
tomatic patients must enforce better
physical distancing and strict contact
precautions and improved screening
practices. This practice will be espe-
cially important as hospitals/clinics
start to open up their facilities for out-
patient work in the near future. All
patients presenting at inpatient and

outpatient imaging facilities at NYU Langone Health will now be
screened for COVID-19-related symptoms and will need to wear
masks regardless of their COVID-19 status, apart from similarly
modified practice rules for radiology technologists and reception-
ists at the clinics and imaging centers.
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FIGURE. Axial and coronal CT images of 2 different patients, obtained from CTA of the neck
(stroke evaluation) and CT of the thoracic spine (trauma evaluation), respectively, demonstrating
typical multifocal, peripheral, ground-glass opacities in both lungs.
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Brain Imaging Use and Findings in COVID-19: A Single
Academic Center Experience in the Epicenter of Disease in

the United States
A. Radmanesh, E. Raz, E. Zan, A. Derman, and M. Kaminetzky

ABSTRACT

SUMMARY: Coronavirus disease 2019 (COVID-19) is a serious public health crisis and can have neurologic manifestations. This is a
retrospective observational case series performed March 1–31, 2020, at New York University Langone Medical Center campuses.
Clinical and imaging data were extracted, reviewed, and analyzed. Two hundred forty-two patients with COVID-19 underwent CT
or MRI of the brain within 2 weeks after the positive result of viral testing (mean age, 68.7 6 16.5 years; 150 men/92 women
[62.0%/38.0%]). The 3 most common indications for imaging were altered mental status (42.1%), syncope/fall (32.6%), and focal neu-
rologic deficit (12.4%). The most common imaging findings were nonspecific white matter microangiopathy (134/55.4%), chronic
infarct (47/19.4%), acute or subacute ischemic infarct (13/5.4%), and acute hemorrhage (11/4.5%). No patients imaged for altered
mental status demonstrated acute ischemic infarct or acute hemorrhage. White matter microangiopathy was associated with higher
2-week mortality (P , .001). Our data suggest that in the absence of a focal neurologic deficit, brain imaging in patients with early
COVID-19 with altered mental status may not be revealing.

ABBREVIATIONS: CoV ¼ coronavirus; COVID-19 ¼ coronavirus disease 2019; SARS-COV-2 ¼ Severe Acute Respiratory Syndrome coronavirus 2

The novel coronavirus (CoV), responsible for the December
2019 outbreak in Wuhan, China, has spread quickly around

the world, leading to a global pandemic.1 The virus shows similar-
ities in cellular receptors and symptoms to Severe Acute
Respiratory Syndrome CoV and has been named Severe Acute
Respiratory Syndrome coronavirus 2 (SARS-COV-2), with the dis-
ease it causes called coronavirus disease 2019 (COVID-19).

As of April 25, 2020, there were 925,758 confirmed cases of
COVID-19 and 52,217 total deaths in the United States.2 The New
York metropolitan area has become the epicenter of COVID-19 in
the United States. As of April 24, 2020, the City of New York has
had 146,139 confirmed cases of COVID-19 and 10,746 confirmed
deaths due to the disease.3

A variety of neurologic manifestations have been reported in
COVID-19, affecting as many as 36.4% of patients according to a
report from Wuhan, China.4,5 Clinically most important, acute
ischemic infarcts and intracranial hemorrhage have been noted
in these patients.6

Considering that altered mental status in patients with
COVID-19 is common secondary to respiratory distress and hy-
poxemia, brain imaging is frequently considered. Anecdotally, it
has been suggested that patients with COVID-19 are at specific
risk for ischemic and hemorrhagic central nervous system com-
plications.7 Here, we report the use and findings of neurologic
imaging in patients with COVID-19 during the initial month af-
ter the outbreak in the City of New York and analyze neuroimag-
ing use as well as acute intracranial findings, including acute
infarcts and intracranial hemorrhage.

MATERIALS AND METHODS
This is a retrospective and Health Insurance Portability and
Accountability Act–compliant study that was performed following
the approval by the institutional review board. Informed consent
was waived.

Patients seen at New York University Langone Medical
Center (across the Manhattan and Brooklyn campuses) with a
positive polymerase chain reaction from a nasal swab specimen
for SARS-COV-2 diagnosed between March 1 and 31, 2020, with
at least 1 brain imaging examination (CT or MRI) during the
course of their recent hospital encounter and within 2 weeks fol-
lowing the positive result of viral testing were included.
Electronic health records and neuroimaging studies were
reviewed for age, sex, patient type (outpatient or inpatient status),
clinical indication for brain imaging (from clinical notes),

Received April 25, 2020; accepted after revision May 3.

From the Department of Radiology, New York University School of Medicine,
New York, New York.

Please address correspondence to Alireza Radmanesh, MD, New York University
Langone Medical Center, 660 First Ave, 2nd Floor, New York, NY 10016; e-mail:
Alireza.Radmanesh@nyulangone.org; @AliRadmanMD

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

http://dx.doi.org/10.3174/ajnr.A6610

AJNR Am J Neuroradiol 41:1179–83 Jul 2020 www.ajnr.org 1179

https://orcid.org/0000-0002-8581-2600
https://orcid.org/0000-0003-2998-8481
https://orcid.org/0000-0003-0941-1466
https://orcid.org/0000-0002-7185-1895
https://orcid.org/0000-0001-7278-3911
mailto:Alireza.Radmanesh@nyulangone.org
https://mobile.twitter.com/AliRadmanMD


imaging findings, and 2-week outcome (mortality, transition to

hospice or comfort care, improved or stable clinical condition).

For patients with imaging findings of acute or subacute infarcts,

note was made of anterior-versus-posterior vascular territory

involvement, small- or large-vessel occlusion infarct, the presence

or absence of hemorrhagic transformation, and whether revascu-

larization with mechanical thrombectomy was attempted, as well

as the imaging outcome of revascularization. In cases of white

matter microangiopathy, a neuroradiologist with 6 years of sub-

specialty experience graded microangiopathies as none, as much

as expected for age or more than expected for age on CT and

MRI.8 Mean ages for different categoric variables were compared

using a 2-tailed t test. The difference between ratios for categoric

variables was examined using Fisher exact tests (QuickCalcs;

www.graphpad.com/quickcalcs/).

RESULTS
Imaging Use and Common Findings
Of 3661 patients with laboratory-con-
firmed diagnosis of SARS-COV-2
between March 1 and 31, 2020, two
hundred forty-two patients underwent
at least 1 cross-sectional brain imaging
examination. These 242 patients had a
mean age of 68.7 6 16.5 years; there
were 150 men (62.0%) and 92 women
(38.0%), 231 inpatients and 11 outpa-
tients. The patients from the emer-
gency department were considered
outpatients if they were discharged
home from the emergency department
and were considered inpatients if they
were transferred from the emergency
department to the intensive care unit
or regular floors of the hospital. Two
hundred 7 patients had only CT, 11
patients had only MRI, and 24 patients
underwent both CT andMRI.

Overall, the most common abnor-
mal findings seen on imaging were
nonspecific white matter changes
(hypodensity on CT or T2 hyperinten-
sity on MRI, often attributed to micro-
angiopathy) in 134 patients (55.4%),
followed by chronic infarct in 47
patients (19.4%), acute or subacute
infarcts in 13 patients (5.4%), and acute
intracranial hemorrhage in 11 patients
(4.5%). White matter microangiopathy
was as much as expected for age in 108
and more than expected for age in 26
patients. One patient had imaging find-
ings of widespread anoxic brain injury
following a large acute supra- and
inftratentorial hemorrhage (Fig 1A).

The 3 most common clinical indica-
tions for brain imaging were the follow-

ing: 1) altered mental status (102 patients, 42.1%, all were
inpatients), 2) syncope/fall (79 patients, 32.6%, including 4 outpa-
tients), and 3) focal neurologic deficit (30 patients, 12.4%, all were
inpatients). Of note, 5 outpatients were imaged for nonacute head-
ache, and 2 were imaged for generalized weakness. Of patients
imaged for altered mental status, 42 (41.2%) had white matter
microangiopathic changes, 29 (28.4%) had chronic infarcts, and 1
patient had an incidental meningioma. No patients with altered
mental status as the indication for brain imaging demonstrated
acute or subacute infarct or acute intracranial hemorrhage.

In a 2-week follow-up period, 63 patients died or were transi-
tioned to hospice or comfort care and 179 showed improvement or
stability. The mean age of patients with fatal outcome (76.4 6 13.1
years) was significantly higher than that of the patients who
remained stable or clinically improved during the subsequent 2
weeks (66.0 6 16.8 years) (P value , .001). White matter

FIG 1. Acute intracranial hemorrhage in patients with COVID-19. A, A 74-year-old man with
COVID-19, intubated for hypoxic respiratory failure and on heparin due to a history of stented
carotid stenosis. On day 10 of intensive care unit admission, he suddenly became unresponsive,
and neurologic examination revealed absent brain stem reflexes. Brain CT showed extensive su-
pra- and infratentorial acute hemorrhage with subarachnoid and intraventricular extensions,
along with cerebral swelling and hypodensity (likely hypoperfusion injury), as well as uncal, subfal-
cine, and transtentorial herniations. B, A 61-year-old woman with COVID-19 and compensated he-
patic cirrhosis (due to primary sclerosing cholangitis). On day 7 of intensive care unit admission,
the patient developed right-sided weakness and numbness. Brain CT showed left parietal intra-
parenchymal hemorrhage with surrounding vasogenic edema. C, A 68-year-old man with COVID-
19 was found fallen. Head CT showed bilateral inferior frontal lobe hemorrhagic contusions and a
small subarachnoid hemorrhage, suggesting traumatic brain injury, likely related to the fall. D, A
61-year-old man with COVID-19 who presented after a fall. Brain CT revealed acute left cerebral
convexity subdural and left ambient cistern subarachnoid hemorrhage, possibly related to the
fall.
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microangiopathy on brain imaging showed an association with
poor 2-week outcome (P, .001). Two-week outcome was not sig-
nificantly different between men and women (P¼ .88).

Acute/Subacute Infarcts
Acute and subacute infarcts were categorized together because
the distinction is often difficult on CT, which composed most of
our examinations. In the 13 patients with acute/subacute infarct,
11 (84.6%) had a focal neurologic deficit as the primary indication
for brain imaging and the remaining 2 patients were imaged for
syncope/fall. Based on the Fisher exact test for comparing ratios,
there was a highly statistically significant association between focal
neurologic deficit and the presence of acute/subacute infarct (P ,

.001). Of note, none of 102 patients scanned for altered mental

status alone were subsequently demon-
strated to have acute or subacute infarct.
In addition, 19 patients of a total of 29
with focal neurologic deficits (65.5%)
showed no acute or subacute infarcts on
CT orMRI.

In these 13 patients with acute or
subacute infarct, 9 infarcts (69.2%)
involved the anterior and 4 (30.8%)
involved the posterior circulation ter-
ritories. Four patients had large-vessel
occlusions, including occlusion of the
distal left ICA, proximal M1 segment
of the left MCA (Fig 2A), right M2
segment (Fig 2B), and the right poste-
rior cerebral artery. All 3 patients with
anterior circulation large-vessel occlu-
sions underwent mechanical throm-
bectomy with TICI 3, 2a, and 2b
revascularizations, respectively.

In 6 of 13 patients with acute or
subacute infarcts, the infarcts were
noted at presentation, and in 7 patients,
infarcts were detected during the hospi-
talization. Only 1 patient with acute or
subacute infarct showed hemorrhagic
transformation in the infarcted region
after receiving intravenous tPA. Two
other patients who received tPA did
not show any complications. Three of
13 patients with acute or subacute
infarcts also showed chronic infarcts
on brain imaging. While 11 of 13
patients had some degree of white mat-
ter microangiopathy on brain imaging,
none was perceived to be more than
expected for age.

A statistically greater number of
patients with acute/subacute infarcts
on neuroimaging had white matter
microangiopathic changes compared
with patients without infarct (11 of 13
compared with 123 of 229, P ¼ .04).

On the other hand, no statistically significant difference was seen
between patients with and without acute/subacute infarct in terms
of age (mean, 69.08 6 12.5 years versus 68.69 6 16.77 years,
respectively, P ¼ .93) or the presence of chronic infarct on brain
imaging (10 of 13 versus 185 of 229, P¼ .72).

Acute Hemorrhage
Eleven patients demonstrated areas of acute hemorrhage on brain
CT or MRI. In 4 of these patients, review of history and prior
imaging showed the hemorrhage to be present 4–8 weeks prior to
the current hospital encounter and related to an automobile
crash, tumor resection, shunt placement, and hypertensive hem-
orrhage. These cases were thus considered unrelated to COVID-
19. Of the remaining 7 patients who were all hospitalized, 4 were

FIG 2. Acute or subacute infarct in patients with COVID-19. A, A 62-year-old man with COVID-19,
intubated for acute hypoxic respiratory failure, who initially presented with left MCA syndrome.
Noncontrast head CT showed a dense left MCA sign suggesting a left MCA occlusion, later con-
firmed on CT angiography and catheter angiography (not shown here). B, A 77-year-old woman
with COVID-19 presented with left-sided weakness. Noncontrast CT showed an acute/subacute
right MCA territory infarct. C, A 63-year-old COVID-19 patient with ataxia. Brain MRI revealed a
patchy acute infarct in the left cerebellar hemisphere. D, A 78-year-old man with COVID-19 pre-
sented following an unwitnessed fall. Brain MRI showed left more than right cingulate gyrus and
callosal body acute infarct.
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found fallen or brought to the hospital after a fall with a subse-
quent positive test for SARS-COV-2. All of these 4 patients also
had respiratory distress and/or hypoxemia at presentation, pre-
sumably related to COVID-19. The causal relationship between
the fall and COVID-19 is unclear. Two patients had dramatic
intraparenchymal hemorrhage during the hospitalization (Fig
1A, -B), and both died. One remaining patient had a fall, and sub-
sequent imaging revealed scattered convexity subarachnoid hem-
orrhage, believed to be posttraumatic, as well as a patchy area of
acute infarct in the cingulate gyrus (Fig 2D). Among these 7
patients with acute intracranial hemorrhage, 4 hemorrhages were
extra-axial, 1 was intra-axial, and 2 were mixed, with 6 being su-
pratentorial and one being both supra- and infratentorial (Fig 1A).

Among these 7 patients with acute hemorrhage, the clinical in-
dication for imaging was syncope/fall in 4 patients and focal neuro-
logic deficit in 3 patients. None of 102 patients who were imaged
for altered mental status had acute intracranial hemorrhage.

DISCUSSION
Patients with COVID-19 may undergo brain imaging for a vari-
ety of clinical reasons. In a recently published series by Mao et al4

from Wuhan, China, 36.4% of patients with COVID-19 were
reported to have neurologic manifestations, including 28.2% with
altered mental status or acute cerebrovascular disease.4 We report
on 242 of 3661 patients with COVID-19 (6.6%) who underwent
brain imaging. The discrepancy between rates likely relates to
multiple factors: Mao et al reported all perceived neurologic
symptoms including nonspecific symptoms such as headaches or
dizziness, whereas here we report neurologic symptoms specifi-
cally leading to imaging. In addition, there are likely to be indi-
viduals in our overall cohort who were too ill for imaging, though
they may have had neurologic manifestations of disease.

While altered mental status was the most common clinical
reason for brain imaging, no acute/subacute infarct or acute hem-
orrhage was identified in any patient imaged for altered mental
status alone within the first 2 weeks after positive result of viral
testing. On the other hand, the overwhelming majority of patients
with imaging findings of acute/subacute infarct had focal neuro-
logic deficits on clinical examination. Similarly, patients with
acute hemorrhage had either focal neurologic deficits or a history
of syncope or fall. Severe acute respiratory syndrome and hypoxe-
mia that can be seen in COVID-19 can lead to altered mental sta-
tus. While alteration in mental status warrants a complete clinical
neurologic examination, if a trusted clinical examination fails to
elicit a focal neurologic deficit and there is no history of syncope
or fall, brain imaging may not be particularly revealing, an obser-
vation that is concordant with prior studies of brain imaging in
acute altered mental status.9

Risks and benefits of imaging should certainly be considered in
these patients who are highly contagious, with the potential risk of
exposure to staff and other patients in the process of transport and
imaging. On the other hand, the presence of a focal neurologic defi-
cit, a recent episode of syncope or fall, or lack of a reliable neurologic
examination appear to be good reasons to pursue neuroimaging in
a neurologically symptomatic patient. We would like to caution the
readers about interpreting this observation and applying it to their
practice, particularly in view of the excessive use of the term “altered

mental status” as a clinical indication. In fact, the American College
of Radiology Appropriateness Criteria support brain imaging for
the evaluation of patients with altered mental status in most clinical
scenarios. Therefore, we suggest that when the clinical indication for
brain imaging of patients with COVID-19 is altered mental status,
the radiologist should consider reviewing the electronic health re-
cord in more detail or discuss the risks and benefits with the
requesting physician in order to ensure that the benefits of such ex-
amination outweigh the risks in the setting of a viral outbreak.10

The reported prevalence of stroke in the adult population in
the United States is 3%.11 Indeed, hospitalization for acute infec-
tion is associated with a transient increase in the risk of vascular
events including stroke, with an odds ratio of 8.0 for 14 days pre-
ceding the stroke.12,13 Previous studies have specifically reported
acute cerebrovascular disease in COVID-196 and cited throm-
boembolic predisposition7 and increased blood viscosity second-
ary to the virus attacking the b chain of hemoglobin and causing
hypoxemia.14 In our study, the overall rate of an acute/subacute
infarction or acute hemorrhage is 8.3%. This may well be an
under-representation of the true incidence of acute cerebrovascu-
lar events in these patients because some may have been too sick
or declined too rapidly to warrant imaging.

Among those patients who were imaged, we found that 5.4%
had acute/subacute infarcts. This is higher than the 4.2%
incidence of stroke among the hospitalized patients with neuroi-
maging at our institution during March 2019 (personal commu-
nication, Dr Eytan Raz, New York University Langone Medical
Center, April 19, 2020). The reason for the noted difference is
likely multifactorial. In addition to possibly higher rates of infarct
among patients with COVID-19 compared with hospitalized
patients without COVID-19, this difference could be related to
the less sick patients avoiding hospitals or emergency depart-
ments during the COVID-19 outbreak and resulting in an overall
increased rate of presentation of more advanced stages of disease,
or be related to primary teams requesting neuroimaging exami-
nations more selectively during the outbreak in view of the lim-
ited resources.

Acute intracranial hemorrhage in patients with COVID-19
may result from fall/syncope15 or could occur without a preceding
mechanical trauma. Previously reported acute hemorrhagic necrot-
izing encephalopathy following COVID-1916 was not seen in any
of our patients, suggesting a low incidence of such findings.

Higher mortality was seen in patients with white matter micro-
angiopathy compared with those without. This likely relates to a
known association of these imaging changes with age and cardio-
vascular risk factors, which have both been associated with poor
prognoses in patients with COVID-19. In the absence of a reliable
medical history for these patients, microangiopathic changes can
serve as a window to the patient’s long-standing underlying risk
factors17 and can provide potentially prognostic insights.

Limitations of the current study include variability in the imag-
ing modality: CT and MRI findings were studied together and
most (85.5%) patients had only CT. The high proportion of CT
may result in under-reporting of acute imaging findings because
the sensitivity of MRI is known to be higher. In many cases, causal
and even temporal relationships between COVID-19 and the
patient’s neurologic events are difficult to ascertain; therefore, any
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conclusion with potential management implications must be con-
firmed with future investigations. Future prospective studies would
help elucidate and pave the way toward more concrete guidelines.
As the City of New York marches toward what we hope to be the
downslope of the current outbreak, these data may help radiolog-
ists and neurologists across regions that are peaking at a later time
and provide potential insight in case of future respiratory viral
outbreaks.
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BRIEF/TECHNICAL REPORT
HEAD & NECK

COVID-19–Associated Miller Fisher Syndrome: MRI Findings
J.E. Lantos, S.B. Strauss, and E. Lin

ABSTRACT

SUMMARY: Miller Fisher syndrome, also known as Miller Fisher variant of Guillain-Barré syndrome, is an acute peripheral neuropa-
thy that can develop after exposure to various viral, bacterial, and fungal pathogens. It is characterized by a triad of ophthalmople-
gia, ataxia, and areflexia. Miller Fisher syndrome has recently been described in the clinical setting of the novel coronavirus disease
2019 (COVID-19) without accompanying imaging. In this case, we report the first presumptive case of COVID-19–associated Miller
Fisher syndrome with MR imaging findings.

ABBREVIATIONS: CN ¼ cranial nerve; COVID-19 ¼ coronavirus disease 2019; MFS ¼ Miller Fisher syndrome; CNS ¼ central nervous system; PNS ¼ periph-
eral nervous system

Miller Fisher syndrome (MFS), also known as Miller Fisher
variant of Guillain-Barré syndrome, is an acute peripheral

neuropathy that can develop after exposure to various viral, bacte-
rial, and fungal pathogens. It is often immune-mediated and asso-
ciated with anti-GQ1b antibodies, characterized by a triad of
ophthalmoplegia, gait ataxia, and areflexia. Ophthalmoplegia is
due to involvement of cranial nerves III, IV, or VI. Ataxia is
thought to be due to cerebellar involvement, and areflexia is due to
lower motor neuron involvement. MFS has recently been
described in the clinical setting of the novel coronavirus disease
2019 (COVID-19) without accompanying imaging findings.1

While patients with COVID-19 typically present with fever, short-
ness of breath, and cough, neurologic manifestations, including
headache, ataxia, cognitive impairment, anosmia, and stroke, have
been reported.2-4 One retrospective review of 214 patients found
neurologic symptoms in 36.4% of patients, with involvement of
the CNS (24.8%) greater than the peripheral nervous system
(8.9%).4 In this case, we report the first presumptive case of
COVID-19–associated Miller Fisher syndrome with imaging.

A 36-year-old man with a remote history of left eye strabismus
(asymptomatic for 30 years) was brought to the emergency depart-
ment by ambulance, presenting with left eye drooping, blurry

vision, and reduced sensation and paresthesia in both legs for 2
days. He was in his usual state of health until 4 days before presen-
tation, when he developed viral symptoms in a COVID-19-
endemic region, reporting subjective fevers, chills, and myalgia.
Physical examination was notable for a partial left third nerve palsy
and decreased sensation below the knees to all modalities. MR
imaging of the brain, including high-resolution imaging of the
orbits and retro-orbital region, with and without gadolinium, was
notable for striking enlargement, prominent enhancement with
gadolinium, and T2 hyperintense signal of the left cranial nerve
(CN) III (Figure). No other cranial nerves demonstrated abnormal
signal or enhancement characteristics. MR imaging of the brain
had normal findings. No cerebellar lesions were seen to explain the
patient’s ataxia. There were no findings of meningitis, encephalitis,
demyelination, or infarction. MR imaging of the spine, which may
have provided an imaging correlate for the patient’s areflexia, was
not performed.

The diagnosis of COVID-19 was confirmed by qualitative
detection of Severe Acute Respiratory Syndrome coronavirus 2
RNA in a nasopharyngeal swab specimen by real-time reverse
transcription polymerase chain reaction amplification and detec-
tion using TaqMan fluorescent oligonuecleotide probes (Altona
Diagnostics) on the Rotor-Gene Q instrument. Serologic ganglio-
side antibody testing was performed by semi-quantitative enzyme-
linked immunosorbent assay (ARUP Laboratories) and showed
Asialo GM1 antibody in the equivocal range, while testing for
other antibodies, including anti-GQ1b, was negative. Nonetheless,
the patient’s hospital course was characterized by progressive oph-
thalmoparesis (including initial left CN III and eventual bilateral
CN VI palsies), ataxia, and hyporeflexia, and the clinical picture
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was thought to be consistent with MFS from COVID-19 infection.
The patient was treated with intravenous immunoglobulin, with
subsequent improvement of neurologic symptoms. The patient
also received hydroxychloroquine to treat the underlying COVID-
19 infection. No repeat MR imaging was performed, and the
patient was discharged after 4 days of hospitalization.

MFS accounts for 1%–5% of cases of Guillain-Barré syn-
drome in Western countries, affects men twice as often as
women, and is preceded by an upper respiratory illness in
most patients.5 MFS presents commonly with diplopia
(78%), ataxia (48%), or both (34%).6 Our patient presented
with symptoms of COVID-19 as well as diplopia, which was
found to be due to a CN III palsy noted on the patient’s clini-
cal examination. MR imaging demonstrated corresponding
enlargement, T2 hyperintensity, and enhancement of the
affected CN III from the cavernous sinus through the orbit.
This is the first presumptive case report of MFS associated
with COVID-19 infection with imaging findings.

Although testing was negative for anti-GQ1b, the clinical
picture was consistent with MFS, and the patient improved
with treatment. Negative ganglioside antibody testing is a li-
mitation of this report; however, a review of 123 patients with
MFS found that 15% were negative for anti-GQ1b.7 The
GQ1b ganglioside is a cell surface component that is concen-
trated in the paranodal regions, cranial nerves III, IV, and VI.
Anti-GQ1b antibodies have been shown to bind to fractions
of Campylobacter jejuni and Haemophilus influenzae and are
thought to cause the symptoms of MFS through molecular
mimicry.8

When antibody testing is negative in patients with MFS,
symptoms may be due to viral neurotropism rather than
immune-mediated injury.9 The functional receptor for
COVID-19 is angiotensin-converting enzyme 2 and is present
in neural tissue.4 Access to the CNS may be either hematoge-
nous or via retrograde neural propagation along bipolar cells.
Retrograde propagation along the olfactory pathway may
account for the occurrence of anosmia in some patients with
COVID-19.4 It has been proposed that retrograde propaga-
tion could lead to brain stem involvement and contribute to
respiratory symptoms by affecting the nuclei that regulate re-
spiratory rhythm such as chemoreceptors that detect changes
in oxygen and CO2.

10 Understanding of COVID-19 patho-
physiology in the CNS and peripheral nervous system and its
contribution to morbidity and mortality is still in its infancy.
Whether MFS is the result of immune-mediated injury or vi-
ral neurotropism, this potential complication should be rec-
ognized by clinicians and radiologists so that appropriate
treatment can be offered to these symptomatic patients.
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FIGURE. Axial and coronal T2-weighted fat-suppressed images through the orbits (A and B) demonstrate an enlarged CN III (arrow) with
increased signal involving the nerve from the cavernous sinus through the orbit. Coronal T1-weighted fat-suppressed postcontrast image (C)
also shows an enlarged CN III within the proximal orbit (arrow) and demonstrates marked enhancement of the nerve. The abnormal nerve is
also visible on a whole-brain T2 FLAIR fat-suppressed postcontrast image (arrow, D).
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Ventricular Volume Is More Strongly Associated with Clinical
Improvement Than the Evans Index after Shunting in

Idiopathic Normal Pressure Hydrocephalus
J. Neikter, S. Agerskov, P. Hellström, M. Tullberg, G. Starck, D. Ziegelitz, and D. Farahmand

ABSTRACT

BACKGROUND AND PURPOSE: Ventricular enlargement in idiopathic normal pressure hydrocephalus is often estimated using the
Evans index. However, the sensitivity of the Evans index to estimate changes in ventricular size postoperatively has been ques-
tioned. Here, we evaluated the postoperative change in ventricle size in relation to shunt response in patients with idiopathic nor-
mal pressure hydrocephalus, by comparing ventricular volume and the Evans index.

MATERIALS AND METHODS: Fifty-seven patients with idiopathic normal pressure hydrocephalus underwent high-resolution MR
imaging preoperatively and 6 months after shunt insertion. Clinical symptoms of gait, balance, cognition, and continence were
assessed according to the idiopathic normal pressure hydrocephalus scale. The ventricular volume of the lateral and third ventricles
and the Evans index were measured using ITK-SNAP software. Semiautomatic volumetric analysis was performed, and postopera-
tive changes in ventricular volume and the Evans index and their relationships to postoperative clinical improvement were
compared.

RESULTS: The median postoperative ventricular volume decrease was 25 mL (P , .001). The proportional decrease in ventricular
volume was greater than that in the Evans index (P , .001). The postoperative decrease in ventricular volume was associated with
a postoperative increase in the idiopathic normal pressure hydrocephalus scale score (P ¼ .004). Shunt responders (75%) demon-
strated a greater ventricular volume decrease than nonresponders (P ¼ .002).

CONCLUSIONS: Clinical improvement after shunt surgery in idiopathic normal pressure hydrocephalus is associated with a reduc-
tion of ventricular size. Ventricular volume is a more sensitive estimate than the Evans index and, therefore, constitutes a more
precise method to evaluate change in ventricle size after shunt treatment in idiopathic normal pressure hydrocephalus.

ABBREVIATIONS: EI ¼ Evans index; iNPH ¼ idiopathic normal pressure hydrocephalus; VV ¼ ventricular volume

Idiopathic normal pressure hydrocephalus (iNPH) is character-
ized by progressive gait and balance disturbance, cognitive

impairment, and urinary incontinence.1-3 Because iNPH is con-
sidered one of the few potentially treatable causes of dementia, its
early diagnosis is imperative. Treatment primarily consists of
shunt surgery, demonstrating high clinical improvement rates of
71%–84%.2-7

Ventriculomegaly on CT or MR imaging is mandatory to
correctly diagnose iNPH.1,3,8 In 1942, during the era of

pneumoencephalography, a method for the assessment of ven-
tricular enlargement, in which the maximum transverse diam-
eter of the frontal horns was divided by the greatest internal
transverse diameter of the skull on coronal images, was intro-
duced by W.A. Evans.9 Since the subsequent development of
CT and MR imaging, the Evans index (EI) is calculated on an
axial section as the ratio between the maximum width of the
frontal horns and the maximal internal diameter of the
skull.10,11

A calculation of the EI is generally used in the diagnostic
work-up of iNPH, and according to international guidelines, a
ratio of .0.3 constitutes a prerequisite for a diagnosis of prob-
able iNPH.3 However, because the width of the frontal horns
provides little information about the shape of the ventricular
system at large, the index provides just a crude estimate of the
actual size of the ventricles. Accordingly, authors have argued
that the EI is not an ideal method to estimate ventricular vol-
ume (VV) in iNPH.11
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Furthermore, decreases in EI have been shown to be poorly
correlated with clinical improvement after shunt surgery,12,13

whereas recent studies evaluating ventricular size by means
of volumetric measurements have shown mean postoperative
decreases of VV of 24%–28% in patients with improved iNPH,
suggesting that such measurements may constitute more clini-
cally relevant markers.14-17

Currently, there are no large-scale studies comparing postop-
erative changes in VV and the EI in patients with iNPH. Here, we
evaluated postoperative changes in VV and the EI and investi-
gated their relation to clinical outcome.

MATERIALS AND METHODS
Sixty-six patients diagnosed with probable or possible iNPH3

were consecutively included at the Hydrocephalus Research Unit,
Sahlgrenska University Hospital, between 2013 and 2015. All
patients received a ventriculoperitoneal (n ¼ 63) or ventriculoa-
trial (n ¼ 3) shunt (PS Medical Strata Adjustable Valve;
Medtronic) with the opening pressure set at a medium level (set-
ting 1.5). The ventricular catheters were placed frontally with the
tip of the ventricular catheter inside the lateral ventricle.

Clinical assessments and MR imaging examinations were
performed preoperatively and after 6 months in all patients.
Two patients demonstrated shunt obstructions before the
postoperative examinations. These 2 patients underwent shunt
revision and were included in the study, with clinical assess-
ment and MR imaging performed 6 months after the shunt re-
vision. One patient was excluded due to a delay in follow-up
after undergoing shunt revision. One patient presented with a
subdural hematoma on postoperative MR imaging and was
excluded. Seven patients demonstrated motion artifacts on
preoperative (n ¼ 4) or postoperative (n ¼ 3) MR imaging and
were excluded from the study. Characteristics of the remaining
57 patients are given in Table 1.

Clinical Assessment
The patients were clinically evaluated before and 6 months
after shunt insertion according to the iNPH scale,18 comprising 4
symptom domains (gait, balance, neuropsychology, and conti-
nence) and yielding a total score (iNPH scale score) ranging
between 0 and 100, with 100 representing normal performance
among healthy individuals in an iNPH typical age range of 70–74
years. In cases without clear postoperative improvement, shunt
dysfunction was ruled out using a head CT and radionuclide
shuntography19 or a lumbar infusion test.20 Responders were
defined as patients demonstrating a postoperative increase in the
iNPH scale score of$5 points.18

MR Imaging Volumetry and the Evans Index
Identical MR imaging scans with T1-weighted volume sequences
with 1-mm scan resolution, from a 1.5T Intera (Philips
Healthcare) or a 1.5T Achieva dStream (Philips Healthcare) scan-
ner, were obtained at baseline and at the 6-month postoperative
follow-up. Scan parameters were as follows: FOV ¼ 260� 260 �
190 mm3, TR ¼ 25 ms, TE ¼ 4.6 ms, and flip angle ¼ 30°. The
scan was reconstructed to a 0.5-mm image resolution. The MR
imaging datasets of all images were transmitted in DICOM

format from the MR imaging storage unit to a personal com-
puter. All image analyses were performed by J.N. and D.Z., who
were blinded to clinical data.

The pre- and postoperative volumes of the third and the lat-
eral ventricles were semiautomatically measured using the ITK-
SNAP software (Version 3.6.0; www.itksnap.org).21 Comparable
images with clearly visualized ventricles and a histogram function
of the image contrast were acquired using the Image Layer
Inspector, Contrast Adjustment.21 Mean image intensity was
1368.9 6 239.4 (arbitrary units). The volumetric measurement
was performed automatically and was modified manually. The
Thresholding Segmentation mode21 was used for automatic seg-
mentation, whereas the Paintbrush Mode and Polygon Mode21

were used for manual modifications. The segmented volume was
presented in voxels and in cubic millimeters. The voxel size was
0.5 � 0.5 � 0.5 mm in all examinations. The ventricular volume
was the product of the number of voxels in each segmentation
and the voxel volume (0.125 mm3).

The EI was measured using the Image Annotation Mode in
ITK-SNAP21 on axial MR imaging slices (aligned to the anterior
and posterior commissures) and defined as the maximum width
of the frontal horns anterior to the foramina of Monro divided by
the maximum width of the inner skull, both measured on the
same section.

Statistics
Responders and nonresponders were compared with regard to
postoperative decreases in ventricular volume and changes in
the EI by means of the Mann-Whitney U test. Furthermore,
the decreases in ventricular volume and the EI within the
groups of responders and nonresponders, respectively, were
tested using the Wilcoxon signed rank test. Correlations
between preoperative and postoperative VVs and changes in
the iNPH scale score were analyzed using the Spearman rank
correlation test.

We evaluated the correlation between postoperative change
in the iNPH scale score and postoperative decreases in ventric-
ular volume and the EI, respectively, using regression models,
assuming approximate normal distributions and adjusting for
heteroscedasticity. We examined nonlinear effects for linear,
piecewise linear, quadratic, and cubic functions of the explana-
tory variables. The best correlation was selected on the basis of
the highest adjusted R2. The effects per a 1-SD decrease were
also calculated to compare the effects of the 2 explanatory vari-
ables. The 2 measurements were adjusted for each other in a
multivariable model.

All tests were 2-tailed, and a was set to ,.05. All analyses
were performed using SAS software, Version 9.4 (SAS Institute).

Table 1: Demographic data of the patients in the study (n = 57)
Demographics

Age (mean) (range) (yr) 74 6 7 (49–91)
Sex (male/female) 42:15
Preoperative iNPH score (mean) (SD) 54 (20)
Postoperative iNPH score (mean) (SD) 66 (22)
Months from surgery to postoperative
follow-up (mean) (range)

6 6 1.6 (3–9)

1188 Neikter Jul 2020 www.ajnr.org

http://www.itksnap.org


Ethics Considerations
The study was approved by the local ethics committee in
Gothenburg, D-number 328–14. All patient data were de-identi-
fied at the time of data analysis and presentation.

RESULTS
The median postoperative VV decrease was 24 mL (p25 ¼ 16
mL, p75 ¼ 34 mL; P , .001), equivalent to 18%, and the me-
dian postoperative decrease in the EI was 0.02 (interquartile
range, 0.02; P , .001) or 5%. The proportional decrease in VV
was significantly larger (P , .001) than the proportional
decrease in the EI (Fig 1). Forty responders (93%) showed a
.5% decrease in VV. Pre- and postoperative VVs correlated
to a change in the iNPH scale score are presented in Table 2.
Postoperative VV showed a weak-but-significant correlation
with change in the iNPH scale score (r ¼ –0.28, P ¼ .036). Pre-

or postoperative decreases in VVs were not significantly corre-
lated with either pre- or postoperative iNPH scale scores or a
change in the iNPH scale scores.

Forty-three patients (75%) were shunt responders. A postop-
erative decrease in VV was significantly (P¼ .003) larger in shunt
responders (21%, n ¼ 43) than among nonresponders (13%, n ¼
14). A postoperative decrease in VV was significantly correlated
with the 4 symptom domains: gait and balance disturbance (P ¼
.002), neuropsychology (P ¼ .010), and continence (P ¼ .012).
There was no correlation between postoperative change in the EI
and each of these 3 symptom domains.

A postoperative decrease in VV and an increase in the iNPH
scale score were significantly correlated; the iNPH scale increased by
16.4 (standard error, 4.6; P ¼ .004) per 1-SD decrease in VV within
the interval of 20–40mL, compared with the relation of VV decrease
of ,20 and .40 mL (mean, �0.64; standard error, 5.4; and mean,
�0.62; standard error, 2.9), respectively (Fig 2). The adjusted R2 was

0.22 for the amount of explained var-
iance in the model (P, .001).

A postoperative EI decrease showed
a significant linear relation to the
increased iNPH scale score, with a
mean increase of 7.6 (standard error,
1.7; P, .001) per 1-SD decrease in the
EI (Fig 3). The adjusted R2 was 0.08 for
the amount of explained variance in
the model (P¼ .040).

DISCUSSION
The median postoperative decrease in
VV (25 mL) in shunted patients with
iNPH was similar to that found in pre-
vious studies.14-16 The proportional
postoperative decrease in ventricle size
was .3 times greater when measuring
VV (18%) compared with the EI (5%).
Furthermore, the decrease in VV in the
interval of 20–40 mL and the increase
in the iNPH scale score were more
strongly correlated than the decrease in
the EI and the increase in the iNPH
scale score; the mean increase in the
iNPH scale score was 16.4 per 1-SD
decrease in VV compared with 7.6 per
1-SD decrease in the EI.

FIG 1. Box-and-whisker plot showing the change in ventricular size measured by VV and the EI af-
ter shunt treatment in 57 patients with iNPH. The whiskers denote values within the 1.5 interquar-
tile range from the first and third quartiles, and the boxes represent outliers. The P values for the
difference between responders (gray) and nonresponders (dark gray) are presented as well as the
total (light gray). VV decreased significantly more than the EI for all groups. Responders had a sig-
nificantly larger VV decrease than nonresponders. There was no difference in the EI between res-
ponders and nonresponders.

Table 2: Preoperative VV and postoperative absolute and relative decreases in VV among 57 patients operated on for iNPH

Median (Minimum, p25, p75, Maximum) VV vs iNPH Scale Scorea

Preoperative VV (mL) 141.4 (70.8, 133.4, 167.9, 317.8) r ¼ –0.08
P ¼ .59

Postoperative VV (mL) 120.8 (4.1, 103.7, 137.9, 309.0) r ¼ –0.28
P ¼ .036

Postoperative absolute decrease in VV (mL) 24.1 (�4.0, 15.9, 34.2, 100.1) r ¼ 0.54
P , .001

Postoperative relative decrease in VV (%) 16.3 (�2.1, 10.5, 23.1, 96.1) r ¼ 0.56
P , .001

a Spearman rank correlation test between VV and postoperative change in the iNPH scale score.
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The present study showed a stronger association between a
decrease in VV and clinical improvement than the EI, which
may indicate that increased VV may be better associated with
symptoms of iNPH than the EI. Recently, Crook et al22 found
that volumetric measures of ventricle size were more strongly
associated with gait and cognition than the EI. Future studies

on patients with iNPH correlating
the different symptom domains to
ventricular volume would be of great
interest.

Most important, we observed that
the postoperative changes in ventricle
size using volumetric assessment were
significantly greater in shunt respond-
ers compared with nonresponders.
Using the EI for the same task did not
result in a significant difference between
the groups.

This finding shows that response
to shunting is more closely related
to changes in VV than in the EI and
implies that assessment of VV could
be a valuable supplementary tool
in the clinical evaluation of shunt
response.

We observed that a 20- to 40-mL
decrease in VV was related to a signifi-
cant clinical improvement, whereas nei-
ther smaller (,20 mL) nor larger VV
decreases (.40 mL) were correlated
with a response to shunting. That insuf-
ficient CSF drainage is associated with
a lack of shunt response seems reasona-
ble and corroborates previous studies
showing that decreased shunt valve
opening pressures (intended to increase
the CSF drainage and potentially fur-
ther decrease VV) were associated with
an improved shunt response.7,23,24 On
the other hand, other studies have
demonstrated that low shunt valve
opening pressures were not more
effective than higher opening pres-
sures.7,23 Differences in brain elasticity
or CSF dynamic disturbance (eg, resist-
ance to CSF outflow), factors not
accounted for in this study, may explain
differences in the postoperative reduc-
tion of VV among patients reported
here.25

The improvement rate after shunt
treatment of patients with iNPH in this
study (75%) is consistent with that in
previous studies.6,26,27

A limitation in this study is that
only patients without a clear post-
operative improvement underwent

invasive evaluation for shunt patency, while in the remain-
der, significant improvement was regarded as proof of a
working shunt. Because both shuntography and a lumbar
infusion test are invasive procedures, we only performed
these tests in cases in which shunt patency was doubted.
Future studies in which shunt patency is systematically

FIG 2. Scatterplot illustrating the relation between a postoperative decrease in ventricular volume
and shunt response (iNPH scale score) in the participants. Trend lines for a quadratic and piecewise
linear function are shown. The shadowed gray areas represent the 95% confidence intervals for the
quadratic function, and the bright gray area represents the same interval for the linear function.

FIG 3. Scatterplot illustrating the linear relation between postoperative decrease in the EI and
shunt response (iNPH scale score). The shadowed area represents the 95% confidence intervals
for the linear function.
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determined would be valuable in evaluating shunt patency
using VVmeasurements.

Methodologic Aspects
Previously, studies demonstrated good interrater agreement
using ITK-SNAP for volumetric measurements.21,28-30 Here,
using a Thresholding Segmentation Algorithm in ITK-SNAP21

for all measurements, we standardized the data to facilitate com-
parison. The Thresholding Segmentation Algorithm in ITK-
SNAP was able to automatically expand from a selected region to
wide parts of the ventricles, but for the narrow parts of the ven-
tricles, the CSF voxels had to be corrected manually. Similarly,
manual corrections were required in areas where the borders
were only thin membranes or were partly blurred due to minor
head motion, because the segmentation function did not always
respect the ventricular borders. These corrections have involved a
degree of partial volume effect.31 We believe that partial volume
effect, at ventricular borders, does not seriously affect the volu-
metric measurements in patients with iNPH because the ven-
tricles occupy a relatively large proportion of the measured
region. We therefore consider the volumetric measurements
using ITK-SNAP accurate and reliable, albeit time-consuming
because of the need for manual corrections.

Susceptibility artifacts from metal components of the shunt
valve can potentially reach into the lateral ventricle ipsilateral
to the site of shunt placement and disturb the VV measure-
ment on the postoperative MR imaging scans. We observed
these susceptibility artifacts present in 3 patients, but in all of
these patients, the contour of the wall of the lateral ventricle
was clearly visible. Figure 4 shows postoperative MR imaging
in 1 patient, in which susceptibility artifacts from the shunt
valve extended into the right lateral ventricle without affecting
the contour of the wall of the lateral ventricle. Therefore, we
believe that the susceptibility artifacts did not affect the volu-
metric measurements in the present study. However, we found
the presence of the susceptibility artifacts on postoperative MR
imaging scans to be a limiting factor for measurement of total

intracranial volumes; therefore, this
measure was not assessed in this
study.

There are various methods to deter-
mine volumes of brain structures.
Voxel-based volume measurement
uses voxel intensity to identify the
desired brain structure on MR imag-
ing. Atlas-based volumetric analysis
uses a reference atlas.32 Currently,
there are no volumetric reference
atlases for iNPH; therefore, the use
of an intensity-based method seems
appropriate to evaluate VV in patients
with iNPH. Previously, Ambarki
et al33 used the SyntheticMR software
(https://syntheticmr.com/company/) to
measure intracranial volume and found
it fast (,3 minutes) and reproducible.
Qiu et al34 have tested ventricular volu-

metric measurement using different segmentation algorithms,
including algorithms used in ITK-SNAP. The development of accu-
rate, fast, and easy-to-use volumetric segmentation software is im-
portant for further studies in evaluating the standardized use of
volumetry in patients with iNPH.

CONCLUSIONS
Clinical improvement after shunt surgery in iNPH is associated
with a reduction in VV; shunt responders showed a greater
decrease in VV than nonresponders. Furthermore, the propor-
tional decrease in VV was significantly greater than that in the EI,
showing that volumetric measurement is a more sensitive
method to evaluate change in ventricular size after shunting in
iNPH.
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ORIGINAL RESEARCH
ADULT BRAIN

Distinguishing Extravascular from Intravascular Ferumoxytol
Pools within the Brain: Proof of Concept in Patients with

Treated Glioblastoma
R.F. Barajas, Jr, D. Schwartz, H.L. McConnell, C.N. Kersch, X. Li, B.E. Hamilton, J. Starkey, D.R. Pettersson,

J.P. Nickerson, J.M. Pollock, R.F. Fu, A. Horvath, L. Szidonya, C.G. Varallyay, J.J. Jaboin, A.M. Raslan, A. Dogan,
J.S. Cetas, J. Ciporen, S.J. Han, P. Ambady, L.L. Muldoon, R. Woltjer, W.D. Rooney, and E.A. Neuwelt

ABSTRACT

BACKGROUND AND PURPOSE: Glioblastoma-associated macrophages are a major constituent of the immune response to therapy
and are known to engulf the iron-based MR imaging contrast agent, ferumoxytol. Current ferumoxytol MR imaging techniques for
localizing macrophages are confounded by contaminating intravascular signal. The aim of this study was to assess the utility of a
newly developed MR imaging technique, segregation and extravascular localization of ferumoxytol imaging, for differentiating
extravascular-from-intravascular ferumoxytol contrast signal at a delayed 24-hour imaging time point.

MATERIALS AND METHODS: Twenty-three patients with suspected post-chemoradiotherapy glioblastoma progression underwent
ferumoxytol-enhanced SWI. Segregation and extravascular localization of ferumoxytol imaging maps were generated as the voxel-
wise difference of the delayed (24 hours) from the early (immediately after administration) time point SWI maps. Continuous segre-
gation and extravascular localization of ferumoxytol imaging map values were separated into positive and negative components.
Image-guided biologic correlation was performed.

RESULTS: Negative segregation and extravascular localization of ferumoxytol imaging values correlated with early and delayed time
point SWI values, demonstrating that intravascular signal detected in the early time point persists into the delayed time point.
Positive segregation and extravascular localization of ferumoxytol imaging values correlated only with delayed time point SWI val-
ues, suggesting successful detection of the newly developed extravascular signal.

CONCLUSIONS: Segregation and extravascular localization of ferumoxytol MR imaging improves on current techniques by eliminat-
ing intrinsic tissue and intravascular ferumoxytol signal and may inform glioblastoma outcomes by serving as a more specific metric
of macrophage content compared with uncorrected T1 and SWI techniques.

ABBREVIATIONS: CRT ¼ chemoradiotherapy; GBCA ¼ gadolinium-based contrast agent; IDH ¼ isocitrate dehydrogenase; SELFI ¼ segregation and extrava-
scular localization of ferumoxytol imaging; TAMs ¼ tumor-associated macrophages and microglia

Standard of care surgical resection and Stupp protocol chemo-
radiotherapy (CRT; temozolomide with conformal irradia-

tion) results in a 14.2-month median overall survival for patients
with isocitrate dehydrogenase (IDH) wild-type glioblastoma.1-3

Following CRT, some patients undergo an inflammatory
response that manifests as transiently progressive gadolinium-
based contrast agent (GBCA) enhancement on MR imaging,

commonly termed “pseudoprogression.”4-7 The development of
pseudoprogression may improve overall survival, but this rela-
tionship is not completely understood.8-10 This gap in clinical
knowledge is exacerbated by the inability of GBCA MR imaging
to distinguish pseudoprogression from true glioblastoma
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regrowth.11 Establishing a definitive diagnosis by surgical biopsy
or follow-up MR imaging delays therapy for true disease recur-
rence and may adversely affect overall survival.8-13 Therefore, the
development of a biologically specific imaging metric of inflam-
mation may improve clinical outcomes.

Tumor-associated macrophages and microglia (TAMs) are
a major constituent of the immune response of the brain to
glioblastoma therapy and account for up to 40% of the cellular
tumor mass.4 Because TAMs are professional iron recyclers
with properties that are directly linked to phagocytosis, ultra-
small superparamagnetic iron oxide–enhanced MR imaging is
well-suited for the detection of inflammation.14,15 TAMs-
mediated neuroinflammation has been visualized in vivo using
delayed time point MR imaging, 24 hours after intravenous admin-
istration of ultrasmall superparamagnetic iron oxide ferumoxytol
(Feraheme; AMAG Pharmaceuticals) in preclinical glioblastoma
models.15 Ferumoxytol is FDA-approved for intravenous iron sup-
plementation but can be used off-label as an MR imaging contrast
agent.16 Early time point MR imaging (immediately following in-
travenous ferumoxytol administration) allows the quantification
and localization of the intravascular agent;17 however, its pro-
longed circulating half-life limits facile interpretation of extrava-
scular signal changes in the glioblastoma microenvironment at
delayed time point imaging up to 48 hours later.18

We hypothesized that the localization of glioblastoma TAMs
could be improved by a combined imaging and analytic approach of
early and delayed time point MR imaging with ferumoxytol. We
assessed the use of SWI at multiple imaging time points to produce
high-resolution segregation and extravascular localization of feru-
moxytol imaging (SELFI) maps for the putative isolation of extrava-
scular ferumoxytol as a surrogate marker of TAMs. Using a well-
characterized cohort of patients with clinically suspected glioblastoma
progression, we show the following: 1) Signal on delayed time point
SWI is partially a reflection of persistent intravascular ferumoxytol,
2) the generation of SELFI maps allows the localization of TAMs-
accumulated extravascular ferumoxytol signal that is only observed
in the delayed time point of imaging, and 3) positive SELFI values, in
part, tend to stratify overall survival in patients with glioblastoma.

MATERIALS AND METHODS
Patient Population
This retrospective Oregon Health & Science University institu-
tional review board–approved study included subjects meeting
the following inclusion criteria: 1) histologically confirmed diag-
nosis of glioblastoma (World Health Organization classification,
grade IV glioma); 2) documentation of IDH-1 mutational and O-
6-methylguanine-DNA methyltransferase promoter methylation
status (R132H; Clinical Laboratory Improvement Amendments,
No. 38D2018256); 3) a Karnofsky Performance Score (KPS of
more than 50); 4) prior maximal safe resection followed by CRT
using the Stupp protocol;2 5) GBCA MR imaging demonstrating
evidence of preliminary progressive disease according to Response
Assessment in Neuro-Oncology criteria;6 6) subsequent GBCA MR
imaging within 72 hours before ferumoxytol MR imaging; and 7)
SWI performed before and following intravenous ferumoxytol
administration. The early time point of imaging was defined by SWI
within 10minutes of intravenous ferumoxytol administration.

Delayed time point imaging was defined by SWI performed approx-
imately 24 hours following intravenous ferumoxytol administration.
Exclusion criteria included the absence of delayed time point feru-
moxytol-enhanced T1-weighted MR imaging or SWI. None of the
patients who met the inclusion criteria were excluded from analysis.

Twenty-three patients were studied between January 2012 and
January 2018 (On-line Table). Medical records established either
glioblastoma recurrence or pseudoprogression as the etiology for
preliminary progressive disease. Sixteen patients (70% of the cohort)
were diagnosed with recurrent tumor. Four of these patients under-
went standard-of-care re-resection to establish disease status via his-
tologic analysis. The remaining 19 patients were diagnosed with
either pseudoprogression (5 with IDH wild-type, 2 with IDH-
mutant) or recurrent tumor via integration of patient clinical
course and serial GBCA MR imaging. Thirteen patients received
dexamethasone (mean, 3.746 4.56mg) concurrent with ferumox-
ytol administration. Four patients with tumor recurrence received
bevacizumab (10mg/kg) before or the same day as ferumoxytol
administration. Dexamethasone and bevacizumab were adminis-
tered to reduce the clinical adverse effects of vasogenic edema.

Image Acquisition
All patients underwent 3T MR imaging (Ingenia; Philips Health-
care) examinations using 1 of 2 imaging protocols. Protocol 1 (12
patients) entailed MR imaging for 3 consecutive days, whereas pro-
tocol 2 (11 patients) entailed MR imaging for 2 consecutive days.
3D-SWI (TR/TE/flip angle¼ 26 ms/20ms/15°, FOV ¼ 210mm2,
imaging matrix ¼ 5122, in-plane resolution ¼ 0.412, 116 contigu-
ous axial slices with 2.2-mm section thickness, 1.1-mm overlap
producing 232 evaluable slices) was performed before, immedi-
ately following (early time point), and 24 hours (delayed time
point) after intravenous ferumoxytol administration (�15-minute
infusion at a dose of up to 510mg). Gradient echo 3D T1-
weighted images (TR/TE/flip angle ¼ 8.14ms/3.72ms/8°, 160
contiguous 1-mm-thick axial slices) were acquired pre- and post-
gadoteridol gadolinium chelate (GBCA, ProHance; Bracco
Diagnostics; 0.1mmol/kg) and ferumoxytol administration.
GBCA-enhanced sequences were performed before ferumoxytol
administration. All MR imaging measurements were completed
on the same instrument for each participant.

Contrast-Enhancement Segmentation. A neurologic radiologist
with 10 years of experience (R.F.B. Jr) reviewed contrast-
enhanced T1-weighted volumes (GBCA and delayed ferumoxy-
tol) and manually marked a large ROI that covered all possible
enhancement in both T1-weighted datasets. These preliminary
ROIs were then automatically segmented into contrast-enhancing
and nonenhancing voxels, as previously described,19 allowing the
generation of a lesion-wide enhancement mask from which
SELFI values were assessed; the results of the segmentation were
visually inspected, and none required manual intervention.

Generation of SELFI Maps
Figure 1 illustrates the SELFI calculation. Briefly, SWI magnitude
images (precontrast, early time point, and delayed time point)
were rigidly registered to the non-contrast-enhanced T1-weighted
volume (3dAllineate, Analysis of Functional Neuro Images
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[AFNI]; http://afni.nimh.nih.gov/afni). Early and delayed time point
maps were created by taking the natural log of the ratio of a precon-
trast voxel to the same postcontrast voxel so that the magnitude of a
value of a voxel was proportional to the concentration of contrast.
Any resulting negative values (voxels in which SWI signal increased
after the administration of contrast agent, ,5% of the voxels in all
cases) were considered noise and removed from both maps. For the
early time point, this step produced a CBV map. SELFI maps were
created by taking the voxelwise difference of the delayed time point
map from the early time point map (3dcalc, AFNI; https://afni.nimh.
nih.gov/pub/dist/doc/program_help/3dcalc.html; Fig 1, middle):

SELFIi ¼ log
SWIpre
SWIDT

� �
� log

SWIpre
SWIET

� �
;

where i is a voxel, SWIpre is the value of the voxel on the noncon-
trast SWI, SWIET is the is the value of the voxel on the SWI imme-
diately after contrast, and SWIDT is the value of the voxel on the
delayed SWI (�24 hours after contrast administration). Mean val-
ues from the generated maps were calculated within both the
GBCA and ferumoxytol contrast-enhancing ROI (3dmaskave, AFNI;
https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dmaskave.
html). Mean negative (SELFI�) and positive (SELFI1) portions of
the SELFI maps were calculated separately so that the absolute value
of each positive and negative voxel was proportional to the relative
contribution of that voxel (Fig 1, right):

SELFI þ ¼ 1
n

Xn
SELFIi.0

i;

SELFI � ¼ 1
n

Xn
SELFIi,0

i;

where n is the number of voxels within the enhancement mask,
i is a voxel within the enhancement mask, SWIpre is the

noncontrast SWI, SWIET is the SWI immediately after contrast,
and SWIDT is the delayed SWI (�24 hours after contrast adminis-
tration). The log function was used so that nonlinearities in ratio
variables could be linearized, so that the ratios were equidistant
and the dependent variable was not weighted in favor of the de-
nominator. For example, the ratios of 5/2 and 2/5 are not equidis-
tant from 1 until the log is performed [log10(5/2)¼ 0.40 and
log10(2/5)¼ �0.40]. This feature allows centering of the displace-
ment of the relationship evenly around zero irrespective of which
variable is in the numerator or denominator. Likewise, the intro-
duction of a log-transform equilibrates the magnitude of an effect
(both positive and negative) within 2 hypothetic voxels. Finally,
in an effort to provide a single aggregate per tumor score of both
the magnitude and spatial extent of inflammatory infiltrate, pri-
marily for the purpose of testing against overall survival (see
Statistical Analysis), mean SELFI1 values were scaled by the pro-
portion of voxels that were positive relative to the number of vox-
els that were enhanced in the postferumoxytol T1-weighted
volume.

Image-Guided Tissue Sampling and Specimen Processing
To investigate the biologic processes associated with SELFI metrics,
we performed stereotactic tissue sampling in a patient with newly
diagnosed glioblastoma at the time of the initial surgical resection.
Six sampling sites were prospectively marked on an intraoperative
neuronavigational device on the basis of the presence or absence of
24-hour delayed ferumoxytol signal. The precise location of the
sampling sites was recorded (screen shots and MR imaging coordi-
nates) at the time of intraoperative biopsy and allowed coregistra-
tion with T1-weighted gadolinium-enhanced and SELFI MR
imaging sequences.

Immunohistochemical staining with CD34 (microvascular den-
sity), CD68 (TAMs), Dx1 (dextran ferumoxytol coating), and Perls
Prussian blue (iron) allowed a subjective assessment using a 4-tier
ordinal scale (0, no immunoreactivity; 3, intense immunoreactivity),

FIG 1. Segregation and Extravascular Localization of Ferumoxytol Imaging (SELFI) processing pipeline. Left, The MR acquisition of susceptibility
weighted imaging (SWI) is performed prior to (pre-contrast), immediately after (early time point; ET), and 24 h following ferumoxytol administration
(delayed time point; DT).Middle, Post processing of early and delayed time point maps are calculated on a voxel wise basis as the log of the quotient
of the pre to post-contrast images. Right, SELFI is calculated as the difference of the delayed time point map from the early time point maps. The
SELFI map can be further segmented into positive (“extravascular”, delayed time point signal. early time point signal, “SELFI1”) and negative (“intra-
vascular”, early time point signal. delayed time point signal, “SELFI�”) values (right). Fe-T indicates Ferumoxytol T1-weighted Delayed Time point.

AJNR Am J Neuroradiol 41:1193–1200 Jul 2020 www.ajnr.org 1195

http://afni.nimh.nih.gov/afni
https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dcalc.html
https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dcalc.html
https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dmaskave.html
https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dmaskave.html


with 4 high-power fields at a magnification of 20� or greater.
Additionally, to better understand the location of ferumoxytol
at the 24-hour delayed imaging time point, we performed im-
munofluorescent histochemistry (Dx1 and Iba1 [for TAMs
localization] antibodies) on tissue obtained from a rat model
of syngeneic glioblastoma after 13 days of intracerebral growth
using an Institutional Animal Care and Use Committee–
approved protocol. Antibody labeling was visualized using an
LSM 780 confocal microscope (Zeiss). A total of 136 images
were obtained with 0.3-mm optical sectioning. An attending
neuropathologist (R.W., with .20 years of experience) who
was blinded to the imaging results performed all qualitative
immunohistochemical assessments.

Statistical Analysis
The Pearson r tested for correlation between imaging metrics.
Student t tests assessed differences between signal intensity and
SELFI metrics. Overall survival was classified in IDH wild-type
glioblastoma from the date of surgical diagnosis until death or last
follow-up date for patients without an event. Survival analysis was
performed using multivariate Cox regression analysis, covarying
for age and KPS, on mean delayed time point and aggregate
SELFI1 scores as calculated above (SPSS, Version 25.0; IBM).P
values, .05 were considered statistically significant.

RESULTS
Comparison of Enhancing GBCA and Ferumoxytol Volume
and Signal Intensity
The cohort-wide root volumes of GBCA enhancement signifi-
cantly exceeded those of delayed ferumoxytol enhancement
(paired t(22) ¼ 2.25, P¼ .03), as did the mean normalized T1
image intensity within enhancing ROIs (paired t(22) ¼ 2.77,
P¼ .01). Despite significant differences in enhancement volumes
and intensities, GBCA and ferumoxytol T1-enhancement volumes
were significantly correlated (r(21) ¼ 0.87, P, .01) as were nor-
malized T1 signal intensities (r(21) ¼ 0.87, P¼ .01). Finally, the

enhancing volumes in GBCA and ferumoxytol were correlated
with their respective normalized intensities (r(21) ¼ 0.51 and 0.53,
P, .01, respectively). All findings presented here were of the
same statistical significance in both GBCA- and ferumoxytol-
enhancing ROIs; therefore, only values derived from ferumoxytol-
enhancing ROIs are reported, unless GBCA and ferumoxytol are
directly compared.

Comparison of Ferumoxytol-Enhanced Early Time Point,
Delayed Time Point, and SELFI Map Measurements
Early and delayed time point SWI measurements were signifi-
cantly correlated, suggesting that intravascular ferumoxytol signal
contaminates delayed measurements when using the standard
uncorrected approach (r(21) ¼ 0.56, P, .01). An example of early
time point, delayed time point, SELFI maps, and corresponding
voxelwise histograms from a single patient with disease recurrence
can be found in Fig 2. Both SELFI1 (extravascular) and SELFI�
(remaining intravascular signal at the delayed imaging time point)
were correlated with delayed time point SWI measurements
(r(21) ¼ 0.87 and �0.48, respectively, P, .03; Fig 3A, top right),
confirming the contamination of intravascular ferumoxytol in
delayed time point SWImeasurements. However, only SELFI� val-
ues were significantly correlated with early time point SWI meas-
urements, confirming localization of intravascular signal (r(21) =
0.87, P, .001; Fig 3A, top left).

Comparison of SELFI Measurements and Intensity of T1
Enhancement
Normalized signal intensity of delayed time point ferumoxytol T1
enhancement was correlated with SELFI1 (extravascular) meas-
urements and delayed time point SWI maps (r(21) ¼ 0.68 and 0.75,
P, .001, respectively), but not with SELFI� (intravascular) meas-
urements (r(21) ¼ –0.19, P. .3; Fig 3B, bottom right). Most inter-
esting, the normalized signal intensity of GBCA T1 enhancement
was not correlated with delayed time point SWI maps or SELFI
measures (r(21) ¼ 0.33, 0.33, and �0.13, P. .1; Fig 3B, bottom
left), suggesting that the functional significance of the magnitude

FIG 2. Specific extravascular ferumoxytol accumulation is localized by SELFI1 values. T1-weighted ferumoxytol-enhanced image and automated
enhancement segmentation masks are shown on the left. Similarities are observed between early time point (leftmost map) and delayed time
point maps (second from left). The hump shown in the histogram of the delayed time point map (black closed arrow) represents the remaining
intravascular ferumoxytol; this signal is removed in the SELFI1 map (rightmost histogram, open arrow). The specific extravascular signal that
arises from ferumoxytol contrast accumulation in the delayed time point is only clearly visualized by the SELFI technique (red closed arrow,
rightmost map).
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of delayed ferumoxytol T1 enhancement differs from that of
GBCA T1 enhancement.

SELFI Association with Tumor Biology
Stereotactic image-guided tissue sampling in a patient with newly
diagnosed IDH wild-type glioblastoma allowed for the collection
of 6 specimens (4 enhancing, 2 nonenhancing) (Fig 4). Increasing
SELFI1 values demonstrated increasing TAMs infiltration (Fig
5A). Conversely, decreasing SELFI– values demonstrated increas-
ing microvascular density. We observed TAMs-specific intracel-
lular uptake of ferumoxytol 24 hours after administration in a
syngeneic glioblastoma rat model (Fig 5B and On-line Video).
Ferumoxytol contrast was not visualized within the extravascular
extracellular space.

Ferumoxytol MR Imaging Measurements and Overall
Survival
The overall cohort survival ranged from 5.83 to 91.0months (me-
dian, 16.6months). Cox regression survival analysis of the 19

patients with IDH wild-type disease progression (5 pseudoprog-
ressions, 14 disease recurrences) was nonsignificant for the
delayed time point metric (B¼ –0.13, Wald¼ 0.017, P. .8),
though it approached significance for the tumor-wide SELFI1
metric (B¼ 2.98, Wald¼ 2.57, P¼ .1). Higher KPS and age were
significantly associated with longer and shorter survival, respec-
tively, in the SELFI1 metric multivariate model (P¼ .02 and .05,
respectively) but not in the delayed time point model (P¼ .06
and .06), further demonstrating the clinical value of isolating
inflammation-specific signal with the SELFI1metric.

DISCUSSION
We investigated whether SELFI maps could be used to distin-
guish extravascular-from-intravascular ferumoxytol pools in 23
patients with CRT-treated glioblastoma at the time of presumed
disease progression. Our results suggest that SELFI1 values rep-
resent accumulated extravascular ferumoxytol after 24 hours and
that SELFI� values delineate the persistence of contaminating
intravascular ferumoxytol at the delayed imaging time point.
Preliminary biologic assessment using stereotactic image-guided
tissue sampling techniques suggests that increasing SELFI 1 val-
ues localize regions of increasing TAMs infiltration, while
decreasing SELFI� values localize regions of increasing micro-
vascular density. Higher aggregate SELFI1 values were found to
trend toward lower overall survival within this small cohort.
These observations suggest that both T1 and T2* MR imaging
signal changes in the delayed time point are partially a reflection
of persistent contamination by intravascular ferumoxytol, which
precludes an accurate assessment of the accumulation of extrava-
scular contrast. This retrospective study supports our hypothesis
that SELFI maps provide an approach to localize extravascular
ferumoxytol contrast accumulation in the delayed time point by
eliminating intrinsic tissue and intravascular signal. Our results
suggest that the SELFI technique may serve as a more specific
imaging metric for localizing TAMs within the glioblastoma
microenvironment compared with the currently used uncorrected
T1 and SWI sequences. Taken together, the SELFI technique pre-
sented here advances neuro-oncologic research and practice by
possibly providing a clinically feasible biomarker of accumulating
phagocytic immune cells in the central nervous system, including
TAMs, and may inform survival outcomes in patients with Stupp
protocol–treated IDH wild-type glioblastoma.

Prior investigations have explored the localization of TAMs
using T2*-weighted imaging based on the inverse linear relation-
ship with R2* signal relaxation rates, demonstrating that macro-
phage infiltration and microglia activation within injured central
nervous system tissue are responsible for the accumulation of
iron oxide nanoparticles.20 However, previous reports have not
accounted for intrinsic tissue (iron as a by-product of prior tissue
bleeding) or persistent intravascular ferumoxytol signal.18

Indeed, Iv et al18 have painstakingly revealed that glioblastoma
regions devoid of macrophage accumulation demonstrate T2*-
weighted signal changes in the delayed time point of ferumoxytol
imaging. Our results suggest that the observed SWI signal
changes include a combination of 2 spatially separate and func-
tionally distinct ferumoxytol pools: 1) residual intravascular feru-
moxytol, and 2) extravascular intercellular accumulation within

FIG 3. SELFI technique discriminates intravascular-from-extrava-
scular ferumoxytol contrast pools. A, Intravascular ferumoxytol
signal (SELFI�, solid circle) is observed in both the early time point
(left panel) and the delayed time point maps (right panel), contam-
inating the signal on the latter. Conversely, SELFI1 values (empty
circles) are correlated with only delayed time point map values
(right panel), suggesting that the metric is not present in the early
imaging time point. B, The relationship of GBCA (left panel) and
delayed ferumoxytol (right panel) T1 intensity to SELFI metrics.
SELFI1 values (solid squares) and delayed time point map mean
values (empty circles) demonstrate a significant correlation with
only delayed ferumoxytol (right panel) and not GBCA T1 enhancing
signal (left panel) intensity. SELFI� values (solid circles) are not cor-
related with enhancement signal intensity. Note that statistically
significant (P, .05) regressions are shown as solid lines and non-
significant regressions are represented by dashed lines. Each point
on the graph represents a patient’s mean imaging value. ET indi-
cates early time point; DT, delayed time point.
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TAMs. Therefore, the use of uncorrected delayed time point feru-
moxytol-enhanced MR imaging may lead to falsely positive
inflammatory “hotspots” due to persistent intravascular contrast.
If ferumoxytol-associated MR imaging signal changes are de-
pendent on transport across the blood-brain barrier in the con-
text of activated innate immunity, accurate quantification of
brain parenchymal TAMs requires an account of residual

intravascular signal. SELFI is a method
for the deconvolution of intra- and
extravascular signal contributions
observed within delayed time point
ferumoxytol-enhanced MR imaging.

SELFI MR imaging would be
extremely valuable in future in vivo
investigations of the immune micro-
environment within glioblastoma.
Glioblastoma cells have complex in-
hibitory mechanisms to suppress
and escape local immune surveil-
lance.4,21 The consequence is the
establishment of a protumoral im-
munosuppressive microenviron-
ment that promotes unchecked glio-
blastoma growth.22 Functionally,
the immunosuppressive microenvir-
onment serves as a biologic feature
thatcontributes to the development of
glioblastoma therapeutic resistance.23

Rigorous pioneering work by
Macdonald et al5 and Stupp et al2,3

has made GBCA-enhanced MR
imaging the standard of care for
monitoring glioblastoma response to
therapy. After therapy, neuroinflam-
mation (pseudoprogression) is char-
acterized by enlarging enhancement
that spontaneously resolves.6 Un-
fortunately, GBCA-enhanced MR
imaging lacks specificity in characteriz-
ing therapeutic failure because local re-
gional tumor regrowth cannot be
prospectively distinguished from ther-
apy-mediated neuroinflammation.24

Pseudoprogression has been consis-
tently observed in 30% of patients
undergoing therapy,4-7 with some
investigators reporting increased
survival.8-13 While not designed to
directly assess the added value of the
SELFI metric to gadolinium en-
hancement for the diagnosis and
prognosis of glioblastoma, our study
does further address the need for the
development of a biologically spe-
cific imaging metric capable of local-
izing neuroinflammation.25,26 The
noninvasive quantification of the tu-

mor immune response may provide additional diagnostic and
prognostic information beneficial to the planning and moni-
toring of therapy, and SELFI is a molecular imaging approach
by which the glioblastoma innate immune microenvironment
can be characterized.

SELFI1 values could be a prognostic biomarker of overall sur-
vival in patients with CRT-treated IDH wild-type glioblastoma. The

FIG 4. SELFI technique characterizes the glioblastoma immune microenvironment. We per-
formed image-guided tissue sampling in a 64-year-old man with newly diagnosed IDH wild-type
glioblastoma to determine whether SELFI MR imaging could differentiate intravascular-from-
extravascular ferumoxytol signal. Preoperative T1-weighted gadolinium-enhanced images (Row 1)
were integrated into the intraoperative neuronavigational device, allowing sampling of enhancing
(orange ROI, n¼ 4) and nonenhancing (purple ROI, n¼ 2) regions. Regions with decreased SELFI–
values (Row 2 right) and elevated cerebral blood volume (Row 1 right) demonstrate elevated mi-
crovascular density (CD34) counts (Row 3 left). Conversely, regions with elevated SELFI1 values
(Row 2 left) demonstrate marked TAMs infiltration (CD68; Row 3 right). SELFI regions with values
near zero demonstrate neither marked microvascular density nor TAMs infiltration (Row 4). No
ferumoxytol staining was observed within the extravascular extracellular interstitial tumor space
(not shown). We note that CBV maps would not have been capable of specifically localizing
TAMs infiltration because regions of elevated CBV and decreased SELFI– values are not spatially
similar to regions of elevated SELFI 1 values. This biologic paradigm is well-demonstrated about
the medial enhancing wall. This case example provides preliminary data showing that the SELFI
imaging approach is a feasible method to discriminate intravascular-from-extravascular ferumox-
ytol contrast pools.
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lack of a clinically prognostic biomarker of the tumor immune
microenvironment is a critical gap in knowledge in the era of
immunotherapy. Novel therapeutic techniques aimed at immune
augmentation require an appropriate molecular imaging metric to

demonstrate changes in the targeted biologic mechanism. Immune
checkpoint blockade leads to an increased antitumor immune
response, which results in therapy-mediated inflammation.27 The
interaction between tumor and cytotoxic T-cells is considered a key
target for checkpoint inhibition, but emerging evidence suggests
that checkpoint blockade also influences therapeutic efficacy
through innate immunity.28 Preliminary reports suggest that check-
point efficacy is characterized by marked proinflammatory lympho-
histiocytic infiltration.28 Given the potential importance of TAMs
activation in glioblastoma therapy, the development of a biologi-
cally specific imaging metric of protumoral and proinflammatory
macrophage accumulation would be clinically indispensable. We
are prospectively evaluating the utility of delayed ferumoxytol MR
imaging in subjects receiving standard-of-care CRT with or without
concurrent checkpoint inhibitors in primary and metastatic brain
tumors (clinicaltrials.gov; NCT00103038, NCT03347617, and
NCT03325166). The SELFI approach may provide additional prog-
nostic value within this clinical context.

Small sample size and the retrospective nature of this study
are limitations that caution against overinterpretation of these
findings; future prospective investigations should verify these
imaging characteristics within a separate larger cohort of
patients. While ferumoxytol phagocytosis by TAMs is a pro-
posed mechanism for the observed signal characteristics, valida-
tion must include a larger cohort of image-guided tissue
sampling to verify the biologic correlate. Unfortunately, histo-
pathologic confirmation of differential TAMs accumulation
based on SELFI1 values is not available in all our patients.
Finally, the cohort sample size and characteristics provided
insufficient statistical power to assess the diagnostic value of
SELFI or the prognostic implications of SELFI in IDH wild-type
glioblastoma. Notably, ferumoxytol-enhanced MR imaging is a
clinically feasible tool for the study of brain tumors with a posi-
tive safety profile.29

CONCLUSIONS
This study describes the newly developed SELFI technique for
the differentiation of extravascular ferumoxytol contrast signal
from residual intravascular signal at a 24-hour delayed imaging
time point within CRT-treated glioblastoma. SELFI improves
on current techniques by eliminating contributions from intrin-
sic tissue and intravascular signal through voxelwise subtraction
of early and delayed time point ferumoxytol maps. Once pro-
spectively validated, this methodology may prove to be a spa-
tially specific biomarker for the accumulation of phagocytic
cells such as TAMs within the glioblastoma-immune microen-
vironment and may help inform treatment and clinical manage-
ment of glioblastoma.
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ADULT BRAIN

High Spatiotemporal Resolution 4D FlowMRI of Intracranial
Aneurysms at 7T in 10 Minutes

L.M. Gottwald, J. Töger, K. Markenroth Bloch, E.S. Peper, B.F. Coolen, G.J. Strijkers, P. van Ooij, and
A.J. Nederveen

ABSTRACT

BACKGROUND AND PURPOSE: Patients with intracranial aneurysms may benefit from 4D flow MR imaging because the derived
wall shear stress is considered a useful marker for risk assessment and growth of aneurysms. However, long scan times limit the
clinical implementation of 4D flow MR imaging. Therefore, this study aimed to investigate whether highly accelerated, high resolu-
tion, 4D flow MR imaging at 7T provides reliable quantitative blood flow values in intracranial arteries and aneurysms.

MATERIALS AND METHODS: We used pseudospiral Cartesian undersampling with compressed sensing reconstruction to achieve
high spatiotemporal resolution (0.5mm isotropic, �30 ms) in a scan time of 10minutes. We analyzed the repeatability of acceler-
ated 4D flow scans and compared flow rates, stroke volume, and the pulsatility index with 2D flow and conventional 4D flow MR
imaging in a flow phantom and 15 healthy subjects. Additionally, accelerated 4D flow MR imaging with high spatiotemporal resolu-
tion was acquired in 5 patients with aneurysms to derive wall shear stress.

RESULTS: Flow-rate bias compared with 2D flow was lower for accelerated than for conventional 4D flow MR imaging
(0.31 6 0.13, P¼ .22, versus 0.79 6 0.17mL/s, P, .01). Pulsatility index bias gave similar results. Stroke volume bias showed no differ-
ence for accelerated as well as for conventional 4D flow compared to 2D flow MR imaging. Repeatability for accelerated 4D flow
was similar to that of 2D flow MR imaging. Increased temporal resolution for wall shear stress measurements in 5 intracranial aneur-
ysms did not show a consistent effect for the wall shear stress but did show an effect for the oscillatory shear index.

CONCLUSIONS: Highly accelerated high spatiotemporal resolution 4D flow MR imaging at 7T in intracranial arteries and aneurysms pro-
vides repeatable and accurate quantitative flow values. Flow rate accuracy is significantly increased compared with conventional 4D flow
scans.

ABBREVIATIONS: CS ¼ compressed sensing; Ncard ¼ number of reconstructed cardiac timeframes; OSI ¼ oscillatory shear index; PROUD ¼ PROspective
Undersampling in multiple Dimensions; R ¼ acceleration factor; SENSE ¼ sensitivity encoding; UIA ¼ unruptured intracranial aneurysm; WSS ¼ wall shear stress;
WSSPS ¼ peak systolic WSS; WSSTA ¼ time-averaged WSS

Intracranial aneurysms can threaten a patient’s life because of
the risk of rupture followed by hemorrhagic stroke, which is

associated with high morbidity and mortality.1,2 Therefore, intra-
cranial aneurysms need to be monitored regularly to assess
whether they remain stable and asymptomatic or grow, with an
increased risk of rupture. Treatment choices range from medical
follow-up for stable aneurysms to coiling or clipping for growing
aneurysms when the risk of rupture is considered too high.1,2 For
patients with unruptured intracranial aneurysms (UIAs) that

need long-term follow-up and who have no contraindications for
MR imaging, it is advised to consider MR imaging rather than
CTA.2 Typical MR imaging examinations use TOF or gadolinium
contrast to visualize the aneurysms; however, advanced 4D flow
MR imaging sequences can additionally visualize and quantify
complex blood flow patterns in the aneurysm.3
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In addition to measurements of basic blood flow volumes and
velocities, 4D flow MR imaging allows the estimation of hemody-
namic biomarkers, including wall shear stress (WSS).4,5 Those have
generated interest because abnormal WSS might be an indicator for
aneurysm growth.6,7 Moreover, it has been shown that the aneurysm
wall is thin in regions of high WSS and vice versa.8,9 This finding
suggests that 4D flow MR imaging can provide added value in the
clinical assessment of aneurysms. However, the implementation of
4D flow MR imaging in routine clinical practice has been hampered
by long scan times required to achieve sufficient spatiotemporal re-
solution to image the complex blood flow patterns in the aneurysm.

A way to improve 4D flow MR imaging of intracranial aneur-
ysms is the use of 7T MR imaging. The increased SNR compared
with 3T can be exploited to obtain increased spatiotemporal resolu-
tion and/or reduced scan times.10 High spatiotemporal resolution is
desirable because it has been shown that hemodynamic parameters
such as mean flow, peak flow, flow waveform, WSS, and oscillatory
shear index11 (OSI) are influenced by spatial and temporal resolu-
tion of 4D flow MR imaging measurements.12 A rule of thumb is
that, to be clinically acceptable, the scan time should not exceed
10minutes13 to fit into the clinical workflow and for patient com-
fort. Advanced accelerated 4D flow MR imaging techniques using
pseudospiral Cartesian sampling with compressed sensing14 (CS)
can be used to achieve such short scan times. These techniques
have already proved effective to accelerate 4D flow MR imaging of
the aorta and carotid arteries.15,16 While we believe such a method
could also be beneficial for intracranial 4D flow acquisitions at 7T,
this benefit has not been thoroughly validated so far.

Therefore, the aim of this study was to investigate whether
highly accelerated, high resolution 7T 4D flow MR imaging can
provide reliable quantitative blood flow values in intracranial
arteries. Specifically, we investigated flow accuracy in a flow
phantom as well as healthy subjects. Furthermore, we aimed to
explore the use of this accelerated sequence for deriving WSS in
patients with unruptured intracranial aneurysms.

MATERIALS AND METHODS
Undersampled 4D flow MR Imaging Acquisition and CS
Reconstruction
Accelerated 4D flow MR imaging was acquired on two similar 7T
systems (Achieva 7T; Philips Healthcare), one located at the
National 7T Facility, Lund, Sweden, and one at the Spinoza Center
for Neuroimaging, Royal Netherlands Academy of Arts and
Sciences, Amsterdam, the Netherlands. The scanners were equipped
with a 32-channel receive head coil (2TX/32RX; NovaMedical) and
an in-house-developed software modification called (PROspective
Undersampling in multiple Dimensions [PROUD]), which enables
a pseudospiral ky/kz-plane acquisition scheme designed for incoher-
ent undersampling with a variable sampling density.15,16 The acqui-
sition was performed continuously without cardiac triggering. The
signal of a peripheral pulse transducer was stored with the k-space
data and used for retrospective binning in different cardiac time-
frames. Due to physiologic heart rate variability, the resulting k-t
space was randomly filled, which is favorable for CS reconstruction
and enabled retrospective changes of the temporal resolution.16

Reconstructions were performed off-line in Matlab R2016a
(MathWorks) using MRecon (GyroTools) in combination with the

Berkeley Advanced Reconstruction Toolbox (https://mrirecon.
github.io/bart/).17 A nonlinear parallel imaging and CS reconstruc-
tion were performed using a total variation sparsifying operator in
time as previously described.16

Flow Phantom
A flow phantom was constructed, consisting of two merging plastic
tubes surrounded by water (On-line Fig 1). Table salt (�20 g/L)
was added to the water to improve B1 field homogeneity. The inlets
were connected to a custom-made MR imaging–compatible me-
chanical pulsatile pump placed on the scanner table. A linear actu-
ator, in the form of a servo motor (CM2-X-56B20A; MUSCLE
CORPORATION) coupled to a ball screw actuator (VLACT55-12-
0150; THK CO., LTD.), was used to produce a pulsatile flow (peak
flow rate, 2mL/s; pump output, 0.175 L/min; heart rate, 57 beats
per minute). The pump software provided a trigger signal to the
MR imaging system for retrospective binning. The flow phantom
was scanned at the National 7T Facility, Lund, Sweden.

At both inlets as well as the outlet, 2D flow MR imaging was
acquired and considered as a reference (spatial resolution, 0.3 �
0.3 � 3.0 mm3; temporal resolution, 26.0ms). The 2D flow scans
were performed at the beginning and end of the experiment to
verify flow stability. Two 4D flow scans were obtained with sensi-
tivity encoding (SENSE) with an acceleration factor R¼ 3 (spatial
resolution, 0.5mm isotropic; temporal resolution, 65.8–87.7ms).
Moreover, six PROUD 4D flow scans were obtained with nomi-
nal acceleration factors of R ¼ 4, 8, 12, 16, 32 (spatial resolution,
0.5mm isotropic). These scans were reconstructed in 15 different
combinations of effective acceleration factors and number of car-
diac frames (Ncard) (temporal resolution, 26.3–87.7ms). Detailed
scan parameters are listed in the On-line Table. All measure-
ments were performed in the same session without interrupting
the flow in the phantom.

Healthy Subjects
Fifteen healthy subjects (9 men/6 women; mean age, 25.4 6 1.2
years) were included in the study. Ethical approval was obtained at
the Regional Ethical Review Board in Lund, Sweden, or waived by
the local ethics committee of the Amsterdam University Medical
Centers, University of Amsterdam, Amsterdam, the Netherlands.
Written informed consent was provided by all subjects.

After scout scans to locate the intracranial arteries in the circle
of Willis, five blocks of flow MR imaging scans were performed in
a randomized order per subject: 1) SENSE 4D flow, 2) PROUD 4D
flow, 3) PROUD 4D flow rescan, 4) 2D flow, and 5) 2D flow
rescan. The 4D flow scans (spatial resolution, 0.5mm isotropic)
were placed in a transversal plane to include the greatest possible
part of the vasculature. The 2D flow scans were placed in a sagittal
plane orthogonal to both left and right middle cerebral arteries and
were considered as the reference for flowmeasurements (spatial re-
solution, 0.5 � 0.5 � 3.0 mm3; mean temporal resolution, 31.3 6
0.6ms; Ncard, 30). The PROUD 4D flow scans were reconstructed
with three different numbers of cardiac frames (Ncard ¼ 7, 15, 30),
resulting in different mean temporal resolutions (134.0 6 2.7ms,
62.6 6 1.2ms, 31.3 6 0.6ms) and mean acceleration factors R =
5.76 0.1, 10.66 0.2, 19.96 0.3, respectively. The SENSE 4D flow
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scans were reconstructed into 7 cardiac frames. Detailed scan pa-
rameters are shown in the On-line Table.

Patients with Unruptured Intracranial Aneurysms
Five patients with UIAs (2 men/3 women; mean age, 63.1 6

3.6 years) were scanned. Subjects provided written informed con-
sent before the start of the study, which was approved by the local
ethics committee of the Amsterdam University Medical Centers,
University of Amsterdam, Amsterdam, the Netherlands.

A PROUD 4D flow scan was added to the examination proto-
col with a scan time of around 10minutes. These scans were
reconstructed with Ncard ¼ 10, 30 and R ¼ 9.9 6 0.2, 26.16 0.6,
respectively (spatial resolution, 0.5mm isotropic; mean temporal
resolution, 94.76 3.6 and 31.66 1.2ms). Detailed scan parame-
ters are shown in the On-line Table.

Flow Analysis
Quantitative flow analysis was performed using Segment,18

Version 2.2 (Medviso; http://medviso.com/).

Flow Phantom. All 4D flow MR imaging scans were resliced to the
positions of the three 2D flow MR imaging scans (outlet, inlet
right, and inlet left). A ROI was drawn on the cross-section of each
tube, and these ROIs were copied to all datasets. Background phase
correction was performed by defining a donut-shaped region as
static tissue around the actual ROI. 4D flow scans were compared
with the 2D flow scans, and mean differences over the three ROIs
were measured of the peak flow rate, systolic stroke volume, and
diastolic flow rate standard error. The systolic part (half of a car-
diac cycle) was used for flow quantification, and the diastolic part
for diastolic flow rate standard error calculation.

The 2D flow MR imaging scans were analyzed for repeatabil-
ity by comparing the scan and rescan values.

Healthy Subjects. All 4D flow MR imaging scans were resliced
to the positions of the two 2D flow MR imaging scans. ROIs
were drawn on the cross-section of both MCAs in every dataset.
Background phase correction was performed as in the flow
phantom experiment. The first 4D flow MR imaging scans were
compared with the first 2D flow MR imaging scan in peak flow
rate, stroke volume, and the pulsatility index. The pulsatility
index was calculated as the difference between the cross-sec-
tional mean velocities at systole/maximum and diastole/mini-
mum velocity divided by the mean velocity over the cardiac
cycle.19 Repeatability of the 2D flow MR imaging scan and the
PROUD 4D flow MR imaging scan was analyzed by comparing
the scan/rescan variability.

Patients with UIAs. The PROUD 4D flow MR imaging scans were
postprocessed into a phase-contrast MRA,20 which was used with
the magnitude images to segment the intracranial vasculature and
the aneurysms. WSS was calculated using in-house-developed soft-
ware21 in Matlab R2016a by multiplying the wall shear rate by the
dynamic viscosity of blood (3.2 � 10�3 Pa·s). We performed two
types of WSS calculations: WSS calculated at peak systole (WSSPS)
and time-averaged WSS (WSSTA), in which the WSS is expressed
as the average over the cardiac cycle. The WSSTA, WSSPS, and OSI
were calculated for five patients with UIAs and expressed as the

spatial mean value over the two ROIs: UIA only or surrounding
vessel. Streamline flow visualizations of the aneurysms were made
in GTFlow, Version 3.2.4 (GyroTools).

Statistical Analysis. Differences between two flow scans (A and
B) were tested by orthogonal regression analysis and Spearman
rank r as well as Bland-Altman plots (X¼A, Y¼A-B). Bland-
Altman results were presented as the bias or mean difference 6
standard error of the mean and limits of agreement. A Wilcoxon
signed rank test was used for statistical evaluations with a P, .05
level of significance.

RESULTS
Flow Phantom
Flow phantom measurements showed good accuracy even at
high acceleration factors (peak flow rate difference, ,10%). The
best trade-off between acceleration and flow rate error was
obtained for R¼ 20–30 and Ncard $ 30. For a small peak flow
rate error, at least 30 cardiac frames were needed.

Flow rates measured at the outlet ROI for low, moderate, and
high temporal resolution are depicted in Fig 1. The differences
between 2D flow and 4D flow MR imaging (2D flow – 4D flow)
over all ROIs and scan sequences are listed in Table 1, and more
flow rates are shown in On-line Fig 2.

Compared with 2D flow MR imaging, PROUD 4D flow MR
imaging with Ncard $ 30 showed the smallest peak flow rate

FIG 1. A, Flow rates of the outlet ROI of exemplary low (12 frames),
moderate (16–24 frames), and high temporal resolution (30–40
frames). B, Zoomed view into the peak flow rate of the outlet ROI.
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underestimation. Furthermore, PROUD 4D flow MR imaging
with Ncard ¼ 24 underestimated peak flow rate, comparable with
conventional SENSE-accelerated 4D flow MR imaging. All
PROUD 4D flow scans with Ncard ¼ 12 underestimated peak flow
rate to a greater extent than 4D flow scans with Ncard ¼ 24. Stroke
volume differences had no clear trend over the temporal resolu-
tions, and the error was never higher than 15%. Diastolic flow rate
standard error showed higher signal variation for the 4D flow
than the 2D flow scans, but no clear trend with acceleration could
be observed.

The 2D flowMR imaging repeatability analysis showed steady
pump conditions (Bland-Altman: bias, 0.0026 0.007mL/s; limits
of agreement, 0.14mL/s; regression, y¼ 0.98x1 0.00, r ¼ 0.99).

Healthy Subjects
Flow measurements in healthy subjects showed good agreement
between highly accelerated (R¼ 20) high temporal resolution 4D
flow and 2D flow scans.

Examples of magnitude and phase images of the three 4D
flow scans are shown in On-line Fig 3. Image quality was

Table 2: Results of the healthy subject analysis in terms of peak flow rate difference, peak flow rate repeatability, stroke volume
difference, stroke volume repeatability, and pulsatility index difference

Comparison Pairs Bland-Altman Orthogonal Regression

A (Frames) B (Frames) Bias LoA P Equation q

Peak flow rate difference (mL/s) 2D reference-1 (30) 4D PROUD-1 (30) 0.31 6 0.13 1.41 .22 y¼ 1.14x – 0.80 0.67
2D reference-1 (30) 4D PROUD-1 (15) 0.51 6 0.13 1.44 .03 y¼ 1.15x – 1.04 0.66
2D reference-1 (30) 4D PROUD-1 (7) 0.76 6 0.13 1.44 ,.01 y¼ 0.90x – 0.42 0.60
2D reference-1 (30) 4D SENSE (7) 0.79 6 0.17 1.81 .01 y¼ 0.83x – 0.19 0.36

Peak flow rate repeatability (mL/s) 4D PROUD-1 (30) 4D PROUD-2 (30) 0.14 6 0.08 0.90 .61 y¼ 0.87x1 0.28 0.87
4D PROUD-1 (15) 4D PROUD-2 (15) 0.12 6 0.08 0.87 .90 y¼ 0.84x1 0.37 0.88
4D PROUD-1 (7) 4D PROUD-2 (7) 0.09 6 0.07 0.71 .77 y¼ 0.90x1 0.17 0.89
2D reference-1 (30) 2D reference-2 (30) 0.19 6 0.08 0.86 .38 y¼ 1.01x – 0.23 0.86

Stroke volume difference (mL) 2D reference-1 (30) 4D PROUD-1 (30) 0.11 6 0.09 0.94 .53 y¼ 0.99x – 0.08 0.64
2D reference-1 (30) 4D PROUD-1 (15) 0.11 6 0.09 0.94 .45 y¼ 0.97x – 0.04 0.64
2D reference-1 (30) 4D PROUD-1 (7) 0.14 6 0.09 0.93 .36 y¼ 0.95x – 0.03 0.64
2D reference-1 (30) 4D SENSE (7) 0.15 6 0.11 1.18 .36 y¼ 1.06x – 0.29 0.46

Stroke volume repeatability (mL) 4D PROUD-1 (30) 4D PROUD-2 (30) 0.08 6 0.04 0.43 .57 y¼ 0.98x – 0.05 0.93
4D PROUD-1 (15) 4D PROUD-2 (15) 0.08 6 0.04 0.42 .60 y¼ 0.98x – 0.04 0.92
4D PROUD-1 (7) 4D PROUD-2 (7) 0.07 6 0.04 0.44 .64 y¼ 1.00x – 0.08 0.92
2D reference-1 (30) 2D reference-2 (30) 0.06 6 0.04 0.47 .80 y¼ 1.10x – 0.28 0.92

Pulsatility index difference (a.u.) 2D reference-1 (30) 4D PROUD-1 (30) 0.01 6 0.04 0.39 .41 y¼ 1.97x – 0.82 0.15
2D reference-1 (30) 4D PROUD-1 (15) 0.18 6 0.04 0.39 ,.01 y¼ 1.51x – 0.60 0.10
2D reference-1 (30) 4D PROUD-1 (7) 0.31 6 0.03 0.33 ,.01 y¼ 0.01x1 0.51 0.01
2D reference-1 (30) 4D SENSE (7) 0.31 6 0.03 0.35 ,.01 y¼ 0.03x1 0.50 0.02

Note:—LoA indicates limits of agreement; a.u., arbitrary units.

Table 1: Results of the flow phantom analysis in terms of peak flow rate difference, stroke volume difference, and the SD of the
diastolic flow

Sequence
Acceleration

Factor
Cardiac
Frames

Mean Peak Flow Rate
Difference (mL/s) (%)

Mean Stroke Volume
Difference (mL) (%)

Mean Diastolic Flow
Rate SE (mL/s)

4D PROUD-1 32 12 �0.65 (�46.7%) �0.036 (�15.3%) 0.028
4D PROUD-2 24 12 �0.52 (�35.0%) �0.024 (�5.3%) 0.018
4D PROUD-3 16 12 �0.47 (�32.9%) �0.040 (�14.3%) 0.033
4D PROUD-5 8 12 �0.45 (�31.6%) �0.031 (�9.4%) 0.035
4D PROUD-4 12 12 �0.36 (�25.5%) �0.024 (�7.4%) 0.021
4D PROUD-6 4 12 �0.34 (�23.9%) �0.027 (�10.4%) 0.027
4D SENSE-1 3 12 �0.31 (�22.5%) �0.007 (�5.2%) 0.047
4D SENSE-2 3 16 �0.27 (�21.5%) �0.027 (�11.5%) 0.031
4D PROUD-5 16 24 �0.19 (�15.0%) �0.002 (�3.2%) 0.029
4D PROUD-3 32 24 �0.18 (�13.5%) �0.013 (�3.7%) 0.029
4D PROUD-6 8 24 �0.17 (�10.4%) �0.028 (�10.6%) 0.024
4D PROUD-6 24 24 �0.13 (�8.0%) �0.008 (�0.8%) 0.028
4D PROUD-5 26 40 �0.08 (�8.8%) �0.011 (�2.0%) 0.027
4D PROUD-4 30 30 �0.06 (�7.8%) 0.005 (�3.3%) 0.022
4D PROUD-6 10 30 0.05 (1.9%) �0.029 (�12.4%) 0.027
4D PROUD-6 13 40 �0.04 (�2.4%) �0.031 (�11.4%) 0.024
4D PROUD-5 20 30 �0.03 (�4.3%) 0.003 (�4.9%) 0.034
2D reference-2 2 40 �0.05 (�3.7%) �0.006 (�3.0%) 0.010
2D reference-1a 2 40 0.00 (0.0%) 0.000 (�0.0%) 0.011

Note:—SE indicates standard error.
a Used as a comparison baseline.
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comparable, but more blurring was visible for high accelera-
tion, particularly in the magnitude images. Peak flow rate
differences between 2D flow and 4D flow MR imaging are
shown in Table 2 and On-line Fig 4. It can be seen that
the flow rate difference decreased for higher temporal reso-
lutions. For Ncard ¼ 7, 15, flow rate difference values were
significantly different, but not for Ncard ¼ 30. Orthogonal
regression analysis revealed an improved correlation between

2D and 4D flow MR imaging when using a higher number of
cardiac frames. Similar peak flow rate repeatability (bias and
limits of agreement) was observed for PROUD 4D flow com-
pared with the 2D flow scans (Table 2 and On-line Fig 5). No
significant differences in stroke volumes were observed for
the four 4D flow scans compared with the 2D flow scans
(Table 2 and On-line Fig 6). The stroke volume in PROUD
4D flow and 2D flow scans also had similar repeatability
(Table 2 and On-line Fig 7). Pulsatility index differences were
significant for 4D flow MR imaging with Ncard ¼ 7, 15, com-
pared with the 2D flow MR imaging, but not for 4D flow MR
imaging with Ncard ¼ 30 (Table 2 and On-line Fig 8).
However, the Spearman r did not indicate a high correlation
for the pulsatility index between 2D flow and 4D flow MR
imaging.

Patients with UIAs
The 4D flowMR imaging scans in the patients with UIAs showed
a trend toward higher OSI for increased temporal resolution, but
a similar trend could not be found in the WSS of all aneurysms.

Vortices were seen in the streamline visualizations for patients
1, 4, and 5 (Fig 2), but not for patients 2 and 3. Streamlines over
the cardiac cycle of all patients are visualized in the On-line
Video. Visualizations of WSSTA, WSSPS, and OSI of patient 5 for
Ncard ¼ 10, 30 are shown in Fig 3. With increased temporal reso-
lution, the WSSPS and the OSI increased as well in some areas of
the aneurysm wall. In Fig 4, the mean values of WSSTA, WSSPS,
and OSI per UIA are presented as well as the mean values of
WSSTA and WSSPS of their in- and outflow vessels. In the UIAs
of patients 2 and 5 as well as in the vessel in all patients, WSSPS
was higher than WSSTA, regardless of the temporal resolution.
In the UIAs of patients 3 and 5, WSSTA and WSSPS were higher
for Ncard ¼ 30 than for Ncard ¼ 10 frames. In the UIAs of

FIG 2. Streamlines of patient 5 with an UIA to visualize blood flow
patterns in the aneurysm (red arrow) of 10-mm diameter located at
the left MCA. A video of streamlines of all five patients with UIAs
over the cardiac cycle can be seen in the On-line Video. MCA indi-
cates middle cerebral artery.

FIG 3. Example WSS and OSI analysis of patient 5. Time-averaged WSS on the left, peak-systolic WSS in the middle, and OSI on the right for
datasets with either 10 (upper row) or 30 (lower row) cardiac frames. MCA indicates middle cerebral artery; a.u., arbitrary units.
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patients 1, 2, and 4, no clear difference or trend between the
two temporal resolutions was observed. In all UIAs, the OSI
was higher for Ncard ¼ 30 than for Ncard ¼ 10 frames.

DISCUSSION
This study investigated whether highly accelerated high resolu-
tion 4D flow MR imaging in intracranial arteries and aneurysms
at 7T can provide reliable quantitative flow values in a clinically
acceptable scan time of about 10minutes using a pseudospiral
Cartesian sampling scheme with CS reconstruction. Results
showed that stroke volumes and peak flow rate values from 4D
flowMR imaging, with R¼ 20–30 acceleration and a high tempo-
ral resolution of 30 cardiac frames, were similar to those obtained
with 2D flowMR imaging.

Pulsatile flow phantom experiments were used to investigate
the trade-off between scan acceleration and accuracy of flow
measurements. The error in the peak flow rate decreased with an
increasing number of cardiac frames, and stroke volume was
underestimated in an acceptable level even for high temporal re-
solution (,3� difference of 2D rescan). The diastolic flow rate
standard error in 4D flow scans showed 2–4 times larger varia-
tion than the 2D reference scans, and there was no clear trend
observable for changes in acceleration or temporal resolution.
Thus, we interpret this finding as acceptable random reconstruc-
tion- or undersampling-based artifacts. Taken together, we used
R¼ 30 as maximum acceleration factor for the in vivo scans
when reconstructing the data into 30 cardiac frames. In vivo
measurements then confirmed that highly accelerated 4D flow
MR imaging with a high temporal resolution resulted in small
errors compared with 2D flow MR imaging. Furthermore,
PROUD 4D flow MR imaging was superior to conventional 4D
flow MR imaging, especially for those reconstructed in 30 cardiac
frames, which resulted in the lowest peak flow rate difference.
When we compared PROUD with conventional 4D flow MR
imaging, the flow rate accuracy (peak flow rate difference to 2D

flow MR imaging) was increased by 60%, while both had the
same scan duration.

Reduced scan time is important for patients, which is why
high acceleration is needed. However, there are only a few reports
on acceleration factors above 10, especially at 7T field strength.
Comparable high acceleration is only reported for acquisition
and reconstruction similar to methods used in this study, which
all deal with large multidimensional datasets. Cheng et al22

reported R� 19 for accelerated 4D flow MR imaging in the heart
at 3T and also used temporal total variation in the reconstruction.
Walheim et al23 reported R¼ 19 for accelerated 5D flow MR
imaging in the aorta at 3T. Rich et al24 demonstrated 4D flow
imaging of the aortic valve at 1.5T with acceleration up to a factor
27. Gu et al25 also acquired 4D flow data in the intracranial
arteries, but at 1.5T, and reported a usable acceleration up to a
factor of 30.

Considering the aneurysm and surrounding intracranial vas-
culature, two main observations could be made from the
derived WSS. First, WSSPS and WSSTA as well as OSI in the ves-
sels were higher with increased temporal resolution. Second,
WSSPS was higher than WSSTA regardless of the temporal reso-
lution. These two observations can be explained by the
increased peak flow rate accuracy observed in the phantom
experiment and healthy subjects. Measured WSS in the aneur-
ysms was lower than in the surrounding intracranial vascula-
ture, which is in line with previous results.26 Increased temporal
resolution resulted in increased OSI in all aneurysms, which has
also been reported previously.12 Most interesting, increased
temporal resolution resulted in increased WSS in only two
aneurysms but rather constant WSS in three aneurysms.
Moreover, WSSPS was higher than WSSTA in only two aneur-
ysms. Thus, we did not observe a clear trend for the WSS in the
aneurysms. A likely explanation can be found in the differences
in size and geometry of the aneurysms; for a UIA with low and
constant flow, the improved temporal resolution will not
change WSS estimations.26 For cases of complex flow patterns,
this finding suggests that flow and WSS estimations in aneur-
ysms will benefit from the improved temporal resolution pro-
vided by our accelerated protocols. We will pursue studies in
larger cohorts of patients to further investigate the added value
of high temporal resolution WSS in aneurysm rupture risk
predictions.

Previous studies on WSS do not agree on which WSS calcula-
tion method should be used,4,13,26-28 but temporal fluctuations in
WSS were associated with aneurysm risk of growth or forma-
tion.11,27 Thus, indicators like the OSI11 or the aneurysm forma-
tion indicator27 were developed to express these temporal
fluctuations in WSS. Most of these models use a reference vector,
commonly the time-averaged WSS vector, based on the assump-
tion that the endothelial cells are preferentially aligned in the
direction of this vector.27 When one uses these metrics, it is likely
that a higher temporal resolution will give a more accurate out-
come of temporal fluctuations inWSS.

A possible key application for high temporal resolution 4D
flowMR imaging data is the combination of 4D flowMR imaging
with computational fluid dynamics simulations, which have been
shown to be a useful clinical tool for the prediction of the

FIG 4. The changes in time-averaged WSS, peak systolic WSS, and
OSI in the aneurysm and in the surrounding vessel when increasing
the temporal resolution from 10 to 30 cardiac frames, or from 95 to
32ms, respectively. ACOM indicates anterior communicating artery;
ICA, internal carotid artery; MCA, middle cerebral artery; a.u., arbitrary
units.
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initiation, growth, and rupture of aneurysms.13,26 Prior research
combining fluid dynamics and 4D flow showed better agreement
than calculations alone.4,29 MR imaging–guided computational
fluid dynamics can be used to correct the MR imaging–measured
flow field, forcing it to satisfy the fluid mechanics equations. It
can also be used as a means of reducing imperfections in the 4D
flow MR imaging measurements and may improve the ability to
accurately derive clinically relevant secondary parameters such as
WSS and pressure gradients at a much higher level of detail and
confidence than was previously possible.29,30

Because highly accelerated 4D flow MR imaging with high
temporal resolution provided reliable quantitative flow values, we
encourage using 4D flow MR imaging more often for UIA moni-
toring and growth prediction in future clinically focused stud-
ies.6,26 The techniques must be investigated in a larger study of
patients with UIAs to determine whether the derived WSS is
affected by either the calculation method or the temporal resolu-
tion or both. If it turns out that high temporal resolution does not
add any value for clinical outcome, then the acceleration of the 4D
flow MR imaging scan can be used to improve coverage and reso-
lution or to further shorten the scan duration. Eventually, a con-
sensus on 4D flow MR imaging followed by WSS calculation and
analysis for intracranial aneurysm is desirable.

Limitations
A more complex phantom could mimic the intracranial arteries
and their flow distribution better. Moreover, a pump with com-
bined systolic pulsatile and diastolic steady flow could reduce the
signal variation during the diastolic period. Furthermore, tempo-
ral fluctuations in WSS or OSI are sensitive to deviations induced
by high acceleration. This limitation might be reduced when com-
bining 4D flow MR imaging with computational fluid dynamics,
which performs well in de-noising and preserving details in the
velocity profiles. Finally, the study population to investigate the
effect of increased temporal resolution for WSS calculations in
patients with UIAs was too small to draw a significant conclusion.

CONCLUSIONS
Highly accelerated high spatiotemporal resolution 4D flow MR
imaging in intracranial arteries and aneurysms at 7T provides
repeatable quantitative flow values in a clinically acceptable scan
time of�10minutes, using pseudospiral Cartesian sampling with
compressed sensing reconstruction. In vivo measurements
showed that the accuracy of the flow rate was significantly
increased compared with conventional low temporal resolution
4D flow scans. Data from patients with unruptured intracranial
aneurysms show that the improved temporal resolution influen-
ces the oscillatory shear index.
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ORIGINAL RESEARCH
EXTRACRANIAL VASCULAR

Cervicofacial Venous Malformations Are Associated with
Intracranial Developmental Venous Anomalies and Dural

Venous Sinus Abnormalities
W. Brinjikji, I.T. Mark, V.M. Silvera, and J.B. Guerin

ABSTRACT

BACKGROUND AND PURPOSE: Prior studies have suggested an association between the presence of cervicofacial venous malfor-
mations and intracranial developmental venous anomalies. We reviewed our institutional cohort of patients with cervicofacial ve-
nous malformations and examined the spectrum of intracranial venous anomalies, including developmental venous anomalies,
cavernous malformations, and dural venous sinus abnormalities.

MATERIALS AND METHODS: Consecutive patients who presented to our institution with cervicofacial venous malformations and
underwent postcontrast MR imaging were studied. Three neuroradiologists reviewed brain MRIs for the presence of developmental
venous anomalies, dural venous sinus ectasia, and cavernous malformations. The prevalence of developmental venous anomalies in
this patient population was compared with an age- and sex-matched control group without venous malformations at a ratio of 1:2.
Categoric variables were compared with x 2 tests.

RESULTS: Sixty-three patients with venous malformations met the inclusion criteria with a mean age of 38.3 6 24.0 years. The
overall presence of developmental venous anomalies in patients with venous malformations was 36.5% (23/63) compared
with 7.9% (10/126) in controls (P, .001). The prevalence of dural venous sinus ectasia was 9.5% (6/63) compared with 0%
for controls (P = .002). One patient with a venous malformation had a cavernous malformation compared with 1 patient in
the control group (P = .62). In 73.9% of patients (17/23), developmental venous anomalies were along the same metamere;
and in 82.6% of patients, developmental venous anomalies were ipsilateral to the venous malformations.

CONCLUSIONS: Our case-control study demonstrated a significant association between cervicofacial venous malformations and
cerebral developmental venous anomalies as well as between cervicofacial venous malformations and dural venous sinus abnormal-
ities. Our findings suggest that venous malformations may be the result of a segmental in utero insult to cells involved in cerebro-
facial venous development.

ABBREVIATIONS: CVMS ¼ cerebrofacial venous metameric syndrome; DVA ¼ developmental venous anomaly; VM ¼ venous malformation

Venous malformations (VMs) are slow-flow vascular malfor-
mations characterized by soft-tissue swelling and bluish skin

discoloration. Pathologic studies have found that these lesions
consist of dilated venous channels in the soft tissues which, in the
face and neck, generally drain into the external jugular system.1

While the pathogenesis of these lesions is unclear, genetic studies
suggest that most of these lesions are due to somatic mutations
in either the TEK receptor tyrosine kinase (TEK) or

phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
alpha (PIK3CA) gene pathways.2,3

Several recent studies have demonstrated an association
between VMs and intracranial venous anomalies, specifically de-
velopmental venous anomalies (DVAs). The Toronto Western
Hospital group found that patients with VMs were 3 times more
likely to have DVAs compared with age-matched controls.1 This
association makes sense from a pathophysiologic point of view
because somatic mutations affecting venous endothelial progeni-
tor cells could presumably affect the cerebral venous system if
they occur before cell migration (Fig 1).4 This mechanism is pro-
posed for metameric disorders such as cerebrofacial arteriove-
nous metameric syndrome, cerebrofacial venous metameric
syndrome (CVMS), and spinal arteriovenous metameric syn-
drome.5 Recently, our group observed that a subset of patients
with VMs also have abnormalities affecting the dural venous
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sinuses, including the presence of a persistent falcine sinus and
persistent ballooning of the torcula.

To study the association between VMs and intracranial ve-
nous anomalies, including DVAs and dural venous sinus abnor-
malities, we performed a case-control study examining the
prevalence of these findings in a consecutive cohort of patients
with VMs and compared this cohort with a group of age- and
sex-matched controls.

MATERIALS AND METHODS
Patient Population
Following institutional review board approval, we queried our
data base of patients with VMs who had presented to our institu-
tion during the past 5 years and included patients who had brain
or face MRIs with postcontrast T1-weighted imaging. At our
institution, patients with VMs routinely undergo MRIs of the
brain and face with and without intravenous contrast. VMs were
confirmed by a combination of physical examination and imag-
ing-based findings through our multidisciplinary Vascular
Anomalies Clinic.6,7 Imaging findings strongly suggestive of a
VM on MR imaging were the following: 1) a septate lobulated
mass that was hyperintense on T2-weighted and hypointense on
T1-weighted images without mass effect; 2) phleboliths, which
are characteristically hypointense on T1- and T2-weighted
sequences; 3) the presence of fluid-fluid levels; 4) the absence of
vascular flow voids on spin-echo sequences; 5) infiltration of the
lesion through tissue planes; 6) the absence of arterial or early ve-
nous enhancement; and 7) the presence of diffuse enhancement
on delayed images. On clinical examination, VMs generally

appeared as faint blue, soft, and easily compressible, nonpulsatile
masses that enlarged with the Valsalva maneuver in dependent
positions and were compressible with application of local
pressure.

Both pediatric and adult patients with VMs were included in
this study. We also selected a group of age- and sex-matched con-
trols (case/control ratio of 1:2) from an institutional data base
that was used to estimate the prevalence of brain DVAs in the
general population. The data base consisted of consecutive
patients who underwent a contrast-enhanced brain MR imaging
during a 2-year period (2016–2017) with the terms “developmen-
tal venous anomaly,” “DVA,” “venous angioma,” “venous anom-
aly,” and “vascular anomaly” in their report, which amounted to
examinations of 18,073 individuals. The findings were then con-
firmed by a single radiologist.

Imaging Analysis
All imaging was reviewed by 3 radiologists. Images were analyzed
for the following findings: 1) the presence of a DVA, 2) deep or
superficial drainage of the DVA, 3) location and side of the DVA,
4) the presence of dural venous sinus anomalies including dural
ectasia and persistent falcine sinus, and 5) the presence of cavern-
ous malformations. While vascular malformations of the CNS
can consist of DVAs, cavernous malformations, or capillary
telangiectasias, the latter was not included in this study.8-10 In
addition to intracranial imaging, face and neck MRIs were eval-
uated for the location and size of the VM. For patients who had
both DVAs and VMs, we also reviewed the imaging to determine
whether the vascular anomalies occurred along the same

FIG 1. Demonstration of the metameric distribution of somatic mutations affecting venous endothelial progenitor cells that could presumably
affect the cerebral venous system if they occur before cell migration. Reprinted with permission of the Mayo Foundation for Medical
Education and Research. All rights reserved.
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metamere. The 3 metameres of the craniofacial system include
the medial prosencephalic group (olfactory) with involvement of
the forehead, nose, hypothalamus, corpus callosum, and hypo-
physis (CVMS 1); the lateral prosencephalic group (optic) with
involvement of the temporo-parietal-occipital lobes, optic nerve,
retina, thalamus, eye, cheek, and maxilla (CVMS 2); and the
rhombencephalic/mesencephalon (otic) group with involvement
of the cerebellum, brain stem, lower face, mandible, petrous
bone, and maxilla (CVMS 3).11 Further analysis examined the
association between age and the occurrence of malformations.

Statistical Analysis
The primary outcome of this study was the prevalence of a DVA
in the VM population and in controls. Prevalence rates were
compared using a x 2 test. A separate x 2 analysis of DVAs in
patients with and without CVMS was performed. A Student t test
was used to compare continuous variables. All statistical analyses
were performed using JMP 13.0 (SAS Institute).

RESULTS
Patient and Control Population
e included 63 patients with VMs and 126 controls. The mean age
of the VM population was 38.3 6 24.0 years compared with 38.3
6 23.8 years for controls; 58.7% of patients in both the VM group
(37/63) and non-VM group (74/126) were female. Of the patients
in the control group, none had any documentation of a VM in
their chart and there was no evidence of VMs or other cutaneous
vascular malformations on review of their available brain and
face MR imaging examinations. Most of the patients did not have
any other CNS diagnosis (88.9%), while a small portion had a di-
agnosis of migraines (9.5%) and epilepsy (1.6%).

Venous Malformation Characteristics and Location
In the VM cohort, 22 patients (34.9%) had VMs isolated to the
left side of the face, 27 patients (42.9%) had VMs only on the
right side of the face, and 14 patients (22.2%) had bilateral VMs.
When we categorized VM locations in descending frequency, the
most common locations were the masticator space (44%, 28
patients), buccal space (21 patients, 33.3%), lingual space (13

patients (20.6%), orbit (8 patients, 12.7%), posterior oropharynx
or hypopharynx (7 patients, 11.1%), posterior neck (7 patients,
11.1%), lip (3 patients, 4.8%), and other (3 patients, 4.8%). There
was no association between age and the occurrence of malforma-
tions (P= .46).

Prevalence of DVA and DVA Characteristics
Of the 63 patients with VMs, DVAs were present in 36.5% of
patients (23/63) compared with 7.9% of controls (10/126,
P, .001). In 73.9% of cases (17/23), DVAs were along the same
metamere, and in 82.6% of cases, DVAs were ipsilateral to the
VM. In the cases in which the DVAs and VMs were along the
same metamere, 8 had CVMS 3, 4 had CVMS 2, and 5 had
CVMS 21 3. There was no significant difference in the preva-
lence of DVAs in patients with or without CVMS (P = .22).

In the VM 1 DVA cohort, 11 patients had 1 DVA and 12
patients had multiple DVAs. In 10 patients, DVAs drained to the
superficial venous system; in 7 patients, DVAs drained into the
deep venous system; and in 6 patients, DVAs drained into both
the superficial and venous systems. DVAs were located on the
right side in 10 patients and left side in 7 patients and were bilat-
eral in 6 patients. Fourteen patients had supratentorial DVAs, 5
patients had infratentorial DVAs, and 4 patients had both supra-
tentorial and infratentorial DVAs. One patient had a cavernous
malformation associated with a DVA. There was no association
between VM location and the presence of DVAs. There was no
association between age (P= .63) or sex (P= .79) and DVAs.
Examples of VMs associated with DVAs are provided in Figs 2–5.

Dural Venous Sinus Abnormalities
On review of brain MRIs, 6 patients with VMs (9.5%) had dural
venous sinus abnormalities compared with 0% of controls
(P= .002). All 6 patients had ectasia of the torcula. In addition, 4
patients had a persistent falcine sinus. There was no association
between age and dural venous sinus abnormality (P= .46). All
patients with dural venous sinus abnormalities also had intracra-
nial DVAs, 4 of which were along the same metamere as the VM.
Of the patients with CVMS, 2 had CVMS 2 and 2 had CVMS
21 3. Examples are provided in Figs 2, 3, and 5.

FIG 2. A 38-year-old man with a history of large trans-spatial cervicofacial venous malformation causing periodic airway obstruction. A, MRV
shows a large and ectatic torcula and medial right transverse sinus. B, Postcontrast T1 MR imaging of the face shows an extensive venous malfor-
mation predominantly involving the right face, tongue, and hypopharynx. C, Postcontrast MR imaging shows a DVA in the right cerebellum.
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DISCUSSION
Our large series examining the prevalence of cerebral and dural
venous abnormalities in patients with VMs demonstrated a num-
ber of interesting findings. First, we found that the prevalence of
DVAs among patients with VMs was .4 times higher than that
in our age- and sex-matched controls. As seen in 1 prior study,

we found that DVAs were along the same metamere in nearly
75% of cases and were ipsilateral to the VM in nearly 80% of
cases. One novel finding from our study was that nearly 10% of
patients with VMs also have abnormalities associated with the
dural venous sinuses, in particular ectasia of the torcula and the
presence of a persistent falcine sinus. The findings from our study

are important because they suggest a
high likelihood of a common pathway
involved in the formation of cervicofa-
cial VMs, intracranial DVAs, and dural
venous sinuses.

To date, there has been 1 case-con-
trol study examining the association
between VMs and DVAs.1 The Toronto
Western Hospital group recently pub-
lished an article demonstrating a preva-
lence of DVAs in 28.6% of patients
compared with just 9.5% of age- and
sex-matched controls. The authors
found that in 83.3% of cases, the DVAs
were ipsilateral to the VM, and in 75%
of cases, the DVAs were along the same
metamere. In our series, we found a
slightly higher rate of DVAs associated
with VMs in a larger patient population,
but we found a nearly identical rate of
DVAs being ipsilateral or along the
same metamere as the VM. The higher
rate of DVA detection is likely because
only patients with postcontrast MRIs
were included in this study. Other series
demonstrated or suggested an association
between VMs and DVAs. Boukobza
et al12 found that 20% of patients with fa-
cial VMs had DVAs on cerebral angiog-
raphy, with most of these patients having

FIG 3. A 5-year-old child with history of right orbital venous malformation. A, T2 with fat satura-
tion MR imaging shows a large venous malformation involving the right orbit and face. B, MRV
shows a markedly ectatic torcula, which includes the entirety of the straight sinus. C–E, T1 post-
contrast MRIs show multiple developmental venous anomalies, including the bilateral cerebellar
hemispheres, brain stem, right temporal lobe, and right frontal lobe.

FIG 4. A 38-year-old man with extensive airway malformation. A, T2 FS MR imaging shows an extensive venous malformation involving the air-
way and tongue base. B, Axial postcontrast MR imaging shows extensive DVAs of the right frontal lobe, basal ganglia, and temporal lobe. C, 7T
SWI shows the extensive DVAs and multiple cavernomas in the radicles of the DVAs.
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multiple DVAs. Most of these DVAs were extensive and
drained into a tortuous deep venous system, and in most cases,
DVAs were ipsilateral to the VM.12 Several case reports have
described patients with extensive facial venous malformations
and ipsilateral DVAs.4,5,11,13-15

The pathogenesis of DVA is not clear. A number of mecha-
nisms have been proposed for the formation of DVAs. Some
authors have postulated that DVAs can form later in cerebral ve-
nous development due to functional adaptations to local venous
thrombosis or due to failed development of superficial or deep
veins.16 However, given the association between DVAs and VMs in
our study, we believe that in at least some cases, they must be the
result of errors in vasculogenesis of the venous system early in em-
bryonic life. It would otherwise be difficult to explain how and why
they are so closely linked to VMs. Unlike VMs, which have at least
a few well-defined somatic mutations associated with their develop-
ment, to date, there have been no genetic mutations associated with
DVAs. The unilateral nature of DVAs and facial VMs can be
hypothesized to be related to a prothrombotic state due to venous
thrombosis and occlusion in the setting of a metameric disorder.1

Another interesting finding from our study was the high prev-
alence of dural venous sinus abnormalities in patients with VMs.
Nearly 10% of patients had abnormal ectasia of the torcula, and
approximately 6% had a persistent falcine sinus. Torcular bal-
looning is a well-described phenomenon during the development
of the fetal dural venous sinus system. During the fourth-to-fifth
fetal months, superficial veins of the expanding cerebral hemi-
spheres increase in size and drain into the transverse sinus,

resulting in a period of ballooning of both the transverse sinuses
and the torcula.17,18 This in utero imaging finding was frequently
misdiagnosed as a dural sinus malformation until it was recog-
nized as a phase in the normal dural venous sinus development.

There have been a few case reports describing the presence of
dural venous sinus abnormalities in patients with CVMS (ie,
DVAs and facial VMs along the same metamere). The first
reported case by Mohamed et al19 was in an infant who had mul-
tiple posterior fossa DVAs, cavernous malformations, a facial
VM, and torcular ectasia from a dural sinus malformation. In this
case, the dural sinus malformation had multiple points of shunt-
ing and required treatment. In a subsequent series of 30 patients
with dural sinus malformations, Barbosa et al20 found that 6
patients also had vascular anomalies of the face, which were likely
venous malformations. Unlike the cases referenced in the articles
by Mohamed et al19 and Barbosa et al,20 in our series, no patients
had any evidence of arteriovenous shunting associated with the
dural venous sinus ectasia. Nevertheless, we hypothesize that the
presence of VMs, DVAs, and dural venous sinus ectasia repre-
sents associations along a pathophysiologic spectrum similar to
that of VM, DVA, and dural sinus malformations.

Our study may provide some insight into an interesting and
not uncommon phenotype of patients with cervicofacial VMs.
The pathophysiologic and genetic mechanisms of VMs associated
with DVAs (with or without dural venous sinus abnormalities)
almost certainly points to the presence of a somatic mutation.
There have been a few somatic mutations associated with the de-
velopment of venous vascular malformations, including in the
PIK3CA and TEK genes.21 These genetic associations have led to
promising research in the treatment of VMs. Perhaps there is a
different/specific gene that results in metameric venous malfor-
mations. Further research into identifying genetic mutations in
this patient population may provide insight into disease patho-
physiology and targeted treatment of venous vascular malforma-
tions in this population.

Limitations
Our study has limitations. First, it was retrospective and is subject
to the biases of retrospective studies, including selection bias. Only
a few patients in our series underwent SWI, which would likely be
significantly more sensitive for detecting tiny cavernous malforma-
tions than conventional gradient recalled-echo imaging. There was
a wide spectrum of scanners and imaging protocols used in the
evaluation of VMs in our study, and imaging was variably per-
formed on 1.5T, 3T, and 7T MR imaging machines. While we did
find that a substantial proportion of patients with facial venous
malformations also had dural venous sinus malformations, the
converse (ie, the proportion of patients with dural venous sinus
malformations without facial venous malformations) is more diffi-
cult to pin down. This issue is because these malformations are of-
ten not reported and a unifying terminology for these
malformations has never really been established; thus, it is difficult
to identify such patients from text searches of radiology reports.

CONCLUSIONS
In the largest study to date on this topic, we found that patients
with cervicofacial VMs were significantly more likely to have

FIG 5. A 45-year-old man with developmental delay and bilateral fa-
cial VMs (not shown). A, Sagittal T1 MR imaging shows an ectatic tor-
cula, which is also confirmed on axial T1 postcontrast MR imaging (B).
C and D, Axial postcontrast MR imaging shows multiple extensive
DVAs involving the left cerebral hemisphere. The patient also had
polymicrogyria of the right hemisphere.
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intracranial DVAs and dural venous sinus abnormalities com-
pared with normal age- and sex-matched controls. In most cases,
DVAs and VMs occurred along the same metamere, suggesting
that the prevalence of CVMS in this patient population is under-
estimated. Our findings suggest that there is a developmental link
in the formation of venous abnormalities affecting the brain,
dura, and face in a subset of patients.
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COMMENTARY

Heterogeneous Continuum of Cerebral and Cervicofacial
Venous Malformations

In this issue, Brinjiki et al1 demonstrate a remarkable association
between cervicofacial venous malformations (VMs) and cerebral

developmental venous anomalies (DVAs), as well as between cervi-
cofacial VMs and dural venous sinus anomalies in a retrospective
study involving healthy age- and sex-matched controls. In this
study, the venous malformations involving the face and neck drain
into the external jugular system and fit into the following criteria:
septate lobulated mass hyperintense on T2 and hypointense on T1
MR images without mass effect, the presence of phleboliths and
fluid-fluid levels, the absence of vascular flow voids on spin-echo
sequences, infiltration of the lesion into tissue planes, the absence
of arterial or early venous enhancement, and the presence of dif-
fuse enhancement on delayed MR images. Intracranial venous
drainage was evaluated by the presence of a DVA, superficial-ver-
sus-deep drainage of a DVA, side and location of a DVA, and the
presence of cavernous malformations and dural venous sinus
anomalies such as dural ectasia and persistent falcine sinuses
(PFS). The authors have also examined the combined VM-DVA
cases for their occurrence in the same metamere, either medial
prosencephalic, lateral prosencephalic and/or otic (rhombence-
phalic/mesencephalic) as the case may be. Their findings suggest
that VMs result from a segmental in utero insult to cells involved
in cerebral/cervicofacial venous development.

They found a significant association with facial venous malfor-
mations and ipsilateral DVAs, concordant with the existing litera-
ture, and a novel observation of dural venous sinus anomalies
associated with the PFS and torcular ectasia in 6% and 10% of
VMs, respectively. Of note, the authors should be commended for
examining over 550 venograms of patients 0–20 years of age who
did not have facial VMs and who did not have any dural sinus
anomalies. I would like to present these anomalies as a part of the
heterogeneous continuum, which comprises intracranial venous
and dural sinus malformations, associated with cavernous angio-
mas, telangiectasias, and venous ectasias or varices. These are well-
elucidated by the seminal article by Lasjaunias (with multiple pos-
terior fossa DVAs, cavernous malformations, and torcular ectasia
from dural sinus malformation), as well as many articles published
by the prominent cerebrovascular group led by Robert Spetzler, al-
ready referenced in the article.

Several interesting observations are presented by the authors:

1. The cervicofacial VMs and intracranial DVAs appear to have
occurred along the same side in same metameres. Metameric
lesions as in cerebrofacial arteriovenous metameric syn-
drome, cerebrofacial venous metameric syndrome, and spinal
arteriovenous metameric syndrome are already described in
literature; however, the underlying genetics and metameric
association of intracranial DVAs need to be studied in a larger
prospective study. I would like to compare the authors’ work
with that of Oza et al,2 who demonstrated focal cerebellar at-
rophy, lip/nasal cleft, and gray matter heterotopias occurring
on the same side as a facial hemangioma in posterior fossa
malformations, hemangiomas, arterial anomalies, cardiac
defects, eye abnormalities, and sternal or ventral defects
(PHACES) syndrome.

2. The in utero insult does not explain how the presence of cervi-
cofacial VMs favors development of other listed intracranial
malformations in the continuum in infants and adults; more-
over, there has been evidence of de novo development of pedi-
atric and adult cavernous malformations and intracranial
DVAs in patients on close radiologic surveillance. Cranial irra-
diation, coexistent vascular malformations, genetic/hormonal
factors, previous intracranial surgery, or even apparently unre-
lated intracranial lesions have been considered risk factors for
de novo cavernomas in the brain.3-9 There is evidence of multi-
ple bilateral cavernomas with and without a family history, the
interval growth being generally attributed to recurrent bleeds
(rather than tumor tissue proliferation); however, there are
cases of lesion growth reported without hemosiderin in or
around these lesions. The cavernomas seen in association with
DVAs are most likely of acquired etiology rather than true con-
genital vascular malformations; this is also supported by the fact
that the coexistence of cavernous malformations and DVAs is
more common in the adults than children.

3. The authors have demonstrated a subset of venous malforma-
tions with dural venous sinuses including PFS and persistent
ballooning of the torcula, the latter without obvious laterality,
in a limited subset of patients. The associated dystrophy of
adjacent brain around venous and dural sinus anomalies is
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not adequately studied, given the limited sample size. The
juxtaposed developmental brain anomalies as well as the
hypometabolic activities of the brain in the vicinity of these
venous malformations should be evaluated vividly in sympto-
matic cases. For example, Manjila et al10 classified the PFS,
with and without the association of supratentorial brain ecta-
sia associated with these venous/dural sinus anomalies.
Similarly, Larvie et al11 published metabolic abnormalities in
the adjacent brain parenchyma, as assessed by FDG-PET, in
more than three-fourths of DVAs in a series of 25 cases.

Future studies on brain ectasia/atrophy and focal metabolic
brain activities around DVAs as well as the genetic role in meta-
meric venous malformations (as in PIK3CA and TEK genes) can
provide more useful clinical and radiologic insights into the de-
velopmental genetics of these uncommon phenotypes in the het-
erogeneous continuum of cervicofacial and cerebral venous
malformations.
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ORIGINAL RESEARCH
INTERVENTIONAL

A Hemodynamic Mechanism Correlating with the Initiation
of MCA Bifurcation Aneurysms

Z. Huang, M. Zeng, W.G. Tao, F.Y. Zeng, C.Q. Chen, L.B. Zhang, and F.H. Chen

ABSTRACT

BACKGROUND AND PURPOSE: Previous studies have reported that MCA bifurcation aneurysms usually emerge on inclined bifurca-
tions; however, the reason is unclear. We designed this study to explore hemodynamic mechanisms that correlate with the initia-
tion of MCA bifurcation aneurysms.

MATERIALS AND METHODS: Fifty-four patients with unilateral MCA bifurcation aneurysms and 54 control patients were en-
rolled in this study after propensity score matching, and their clinical and CTA data were collected. We extracted the mor-
phologic features of aneurysmal MCA bifurcations to build a simplified MCA bifurcation model and performed a
computational fluid dynamics analysis.

RESULTS: The presence of MCA aneurysms correlated with smaller parent-daughter angles of MCA bifurcations (P, .001).
Aneurysmal MCA bifurcations usually presented with inclined shapes. The computational fluid dynamics analysis demonstrated that
when arterial bifurcations became inclined, the high-pressure regions and low wall shear stress regions shifted from the apexes of
the arterial bifurcations to the inclined daughter arteries, while the initial sites of MCA bifurcation aneurysms often overlapped
with the shifted high-pressure regions and low wall shear stress regions.

CONCLUSIONS: Our results suggest that the initiation of MCA bifurcation aneurysms may correlate with shifts of high-pressure
regions and low wall shear stress regions that occur on inclined MCA bifurcations.

ABBREVIATIONS: CFD ¼ computational fluid dynamics; HPR ¼ high-pressure region; LWSS ¼ low wall shear stress; LWSSR ¼ low wall shear stress region;
PSM ¼ propensity score matching; RD ¼ ratio of diameter; ROC ¼ receiver operating characteristic

The occurrence of intracranial aneurysms is generally thought
to be due to arterial wall weakening and/or the influence of

hemodynamics.1–4 Most studies on aneurysm etiology have
focused on hemodynamics. Because the geometric shapes of intra-
cranial arteries are diverse, their hemodynamics are also complex.
Arterial bifurcations are common sites for intracranial aneurysms.
The bifurcations are generally exposed to extreme hemodynamic
stress; those with special morphologic features that significantly

divert blood flow from the direction of flow of the parent vessels
are a risk factor for aneurysm formation.1,5,6 Previous studies have
reported that the inclined MCA bifurcations with a widening angle
are likely to harbor aneurysms,7,8 but mechanisms by which the
aneurysms develop on MCA bifurcations are controversial and
need to be elucidated.8-11 The present study was designed to extract
the morphologic features of aneurysmal MCA bifurcations from
clinical data, build a simplified MCA bifurcation model based on
these extracted features, perform computational fluid dynamics
(CFD) analysis on the aneurysmal MCA bifurcations and simpli-
fied models, and finally, to explore the hemodynamic mechanisms
that could trigger aneurysm initiation.

MATERIALS AND METHODS
Case Selection and Matching
Patients with unilateral MCA bifurcation aneurysms confirmed by
CTA from July 2016 to March 2019 were enrolled in our study.
Exclusion criteria were as follows: 1) fusiform or dissecting aneur-
ysms, 2) trifurcation types of MCAs, and 3) aneurysms of
.10mm. In addition, we reviewed healthy subjects without
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intracranial aneurysms from the general population during the
same time period. Of the 162 patients enrolled in our study, 54
with unilateral MCA aneurysms were assigned to the aneurysm
group and 108 without intracranial aneurysms, to the control
group. General data including age, sex, smoking, drinking, hyper-
tension, hyperlipidemia, and diabetes were collected. Propensity
score matching (PSM) was used for selecting the cases in the 2
groups, and the variables listed above were used as matching pa-
rameters. The matched cases included 54 with unilateral MCA
aneurysms and 54 without intracranial aneurysms. A flow diagram
of our study is shown in Fig 1. All procedures in this retrospective
study that involved human participants were approved by the
ethics committee of our hospital and were performed in accord-
ance with the institutional ethics standards, the 1964 Declaration
of Helsinki and its later amendments, or comparable ethical stand-
ards. Informed consent was obtained from all individual partici-
pants included in the study.

Morphologic Features
3D CTA data were reconstructed using Materialise Mimics software
(Version 21.0; https://www.materialise.com/en/medical/mimics-
innovation-suite/mimics), andmorphologic data weremeasured using
the Materialise 3-matic research software (Version 13.0; https://www.
materialise.com/en/software/3-matic). Two certified neuroradiologists

(F.Y.Z. and C.Q.C.), who were blinded to
the clinical data, independently evaluated
the morphologic data and resolved dis-
agreements by consensus. The parent ar-
tery was defined as the M1 trunk of the
MCA, and the daughter artery, as the M2
branch of theMCA.

The measuring methods of 6 angles
in the control group are shown in Fig
2A. The measuring methods of diame-
ters are depicted in Fig 2D. Four ratios
of diameters (RDs) were used for anal-
ysis. They were separately defined as
RDL1, the ratio of the left upper daugh-
ter-parent artery diameters; RDL2, the
ratio of left lower daughter-parent ar-
tery diameters; RDR1, the ratio of right
upper daughter-parent artery diame-
ters; and RDR2, the ratio of right lower
daughter-parent artery diameters.

The measuring methods of 6
angles in the aneurysm group are
described in Fig 2B, and the diame-
ter measuring methods are shown in
Fig 2D. The ratio of parent-daughter
artery diameters was separately
termed as RDA on the aneurysm
side and RDNA on the nonaneurys-
mal side. For the contralateral side,
the ratio of upper daughter-parent
artery diameters was defined as
RDC1, and the ratio of lower daugh-
ter-parent artery diameters was

RDC2. The method for deciding the location of an MCA
bifurcation aneurysm is described in Fig 2C.12 The long axis
of an aneurysm was measured as aneurysm size. Aneurysm
neck width was also measured.

CFD Analysis
We reconstructed 3D MCA bifurcation models in Mimics research
software (Materialise NV) for all 54 cases with MCA aneurysms and
20 cases in the control group. Then, the aneurysmal MCA bifurca-
tion models were virtually removed using the 3-matic research soft-
ware, and their initial status was simulated. All 3D models were
exported to Fluent solver (Version 19.1; ANSYS) for CFD analysis.

After extracting some hemodynamic features from the above
CFD analyses, we constructed a group of simplified 3D MCA
bifurcations models with variable single parent-daughter
angles. For these models, parent-daughter angle of the MCA
bifurcations was set to 120° (based on the mean value of f NA,
118.81° 6 21.35°), and another was varied from 120° to 30°
with intervals of 10° (based on the range of fA, 31.95°–
124.89°). The diameters of the parent and daughter arteries
were set to 4 and 3mm, respectively. For all 3D models, blood
flow was modeled as a laminar Newtonian fluid, with a density
of 1050 kg/m3 and dynamic viscosity of 0.0032 Pa � s. The
inlet boundary of the parent artery was defined as the mass-

FIG 1. Flow diagram of the study population and procedure.
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flow inlet at 0.0034 kg/s, and the outlet boundaries of 2 daugh-
ter arteries were defined as zero-static pressure.8,13,14

Statistical Analysis
Data were analyzed using R Studio (Version 1.1.383; http://rstudio.
org/download/desktop). Student t tests and ANOVA analyses were
used to compare continuous variables, and the Pearson x 2 test was
used for comparing categoric variables. Pearson correlation tests
were used to analyze correlations between 2 continuous variables.
Multiple variables were analyzed using logistic regression. To predict
which daughter artery was prone to developing an MCA aneurysm,
receiver operating characteristic (ROC) curve analysis was per-
formed. P values, .05 were considered statistically significant.

RESULTS
Demographics
The clinical data of both groups before and after PSM are sum-
marized in Table 1. Of 54 subjects in the control group, 28

were women and 26 men, with a mean age of 57.39 6

8.79 years. Of 54 patients with aneurysms, 36 were women
and 18 men, with a mean age of 60.35 6 9.87 years. Twenty-
two (40.74%) patients were confirmed to have ruptured
aneurysms, and 17 (31.48%), to have multiple aneurysms.
Logistic regression analysis based on morphologic parame-
ters of MCA bifurcations showed that the presence of MCA
aneurysms correlated with the parent-daughter angle
(Table 2).

Morphologic Features of Nonaneurysmal and Aneurysmal
MCA Bifurcations
There was no statistically significant difference between groups
among the 7 parent-daughter angles (f L1, f L2, f R1, f R2, f NA,
f C1, f C2; Table 3 and Fig 3A). The daughter-daughter angles
(gA and gC) in patients with aneurysms were significantly larger
than those (gL and gR) in the control group (Table 3 and
vFig 3B).

FIG 2. Schematic drawing of the angles measured in our study. A and B, The parent-daughter angle was defined as the angle between the M1
trunk and different M2 branches, and the daughter-daughter angle was the angle between 2 M2 branches. C, In the MCA aneurysm bifurcation,
lines L1 and L2 were crossed in the aneurysm neck and then measured to decide on which side of the M2 branch the aneurysm was located. D,
The measurements of diameters were performed 5mm beyond the bifurcation apex.

Table 1: Summary of clinical data

Before PSM After PSMa

Control Group
(n= 108)

Aneurysm Group
(n= 54) P Value

Control Group
(n= 54)

Aneurysm Group
(n= 54) P Value

Male sex (%) 61 (56.5) 18 (33.3) .009 26 (48.1) 18 (33.3) .17
Age (mean) (yr) 43.65 6 19.34 60.35 6 9.87 ,.001 57.39 6 8.79 60.35 6 9.87 .102
Hypertension (%) 30 (27.8) 29 (53.7) .002 25 (46.3) 29 (53.7) .564
Diabetes (%) 15 (13.9) 8 (14.8) 1 12 (22.2) 8 (14.8) .457
Hyperlipidemia (%) 24 (22.2) 28 (51.9) ,.001 19 (35.2) 28 (51.9) .12
Smoking (%) 30 (27.8) 12 (22.2) .568 20 (37.0) 12 (22.2) .14
Alcohol use (%) 27 (25.0) 9 (16.7) .316 16 (29.6) 9 (16.7) .171
U (mean) 124.88° 6 10.92° 107.98° 6 12.3° ,.001 120.27° 6 10.50° 107.98° 6 12.31° ,.001
g (mean) 98.25° 6 20.54° 128.51° 6 16.69° ,.001 106.68° 6 18.51° 128.51° 6 16.69° ,.001
RD (mean) (mm) 0.76 6 0.08 0.79 6 0.11 .022 0.76 6 0.08 0.79 6 0.11 .093

a Variables as parameters for PSM included sex, age, hypertension, diabetes, hyperlipidemia, smoking, and Alcohol use (rows 1–7 in Table 1).
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For the aneurysm group, parent-daughter angles on the
inclining side of the aneurysm (f A) were significantly smaller
than the other 3 parent-daughter angles (f NA, f C1, f C2) (Fig
3A), whereas the daughter-daughter angles on the aneurysm side
(gA) were significantly larger than the angle of the contralateral
side (gC) (Fig 3B). The mean aneurysm size was 5.056 1.98mm,
and the mean aneurysm neck diameter was 4.686 1.54mm. The
optimal parent-daughter angle threshold to predict the daughter
artery that was likely to harbor an MCA aneurysm was deter-
mined by ROC analysis. The ROC curve showed that the optimal
threshold was 100.06 (area under the curve, 0.903), with 84.1%
sensitivity and 81.5% specificity (Fig 3C).

Influence of Aneurysm Rupture on MCA Bifurcation
Morphology
There was no significant difference between the parent-daughter
and daughter-daughter angles or the RDs on aneurysmal and
nonaneurysmal sides of the ruptured and unruptured aneurysmal
MCA bifurcations (Table 4).

Influence of Aneurysm Size and Neck Width on Parent-
Daughter Angles of MCA Bifurcations
Correlation analysis showed that the sizes and neck widths of
MCA aneurysms were not significantly correlated with parent-
daughter angles (On-line Figure).

Hemodynamic Features of Aneurysmal MCA Bifurcations
and Simplified MCA Bifurcation Models
The CFD analysis performed on all MCA aneurysms showed that
after the aneurysms were virtually removed, compared with con-
trol MCA bifurcations (On-line Digital Content 1; https://
yaleedu-my.sharepoint.com/:b:/g/personal/fenghua_chen_yale_
edu/EV5HuHzoJrRBsp1nO86pKgQBxPemPz4zSsXWBH2Ap-
eR3w?e=u79Us0), their initial sites presented high-pressure

regions (HPRs) and low-wall shear stress regions (LWSSRs)
(Fig 4A and On-line Digital Content 2; https://yaleedu-my.
sharepoint.com/:b:/g/personal/ fenghua_chen_yale_edu/
EV5HuHzoJrRBsp1nO86pKgQBxPemPz4zSsXWBH2Ap-eR3w?e=
u79Us0). The CFD analysis of simplified 3D MCA bifurca-
tion models revealed that when a single parent-daughter
angle decreased from 120° to 30°, the HPR and LWSSR
shifted from the apex of the bifurcation to the daughter artery
wall on the same side, and the maximum shifted distance was
2.03mm (Fig 4B–D and On-line Digital Content 3; https://
yaleedu-my.sharepoint.com/:b:/g/personal/fenghua_chen_yale_
edu/EV5HuHzoJrRBsp1nO86pKgQBxPemPz4zSsXWBH2Ap-
eR3w?e=u79Us0).

DISCUSSION
The mechanism of intracranial aneurysm initiation remains
unclear. Intracranial arterial bifurcations frequently harbor
aneurysms. When blood flow enters an arterial bifurcation, it
exhibits complex hemodynamic features, some of which may cor-
relate with aneurysm formation.2,5,15,16 In this study, we analyzed
a series of MCA bifurcations with and without aneurysms and
explored the hemodynamic factors involved in aneurysm devel-
opment. We found that MCA aneurysms were commonly located
on the inclined MCA bifurcations, consistent with previous stud-
ies.8,10 Our results revealed that inclined MCA aneurysmal bifur-
cations are usually caused by smaller single parent-daughter
angles, but other parent-daughter angles maintain sizes similar to
the 2 parent-daughter angles on the contralateral “normal” MCA
bifurcations. CFD analysis based on the above morphologic fea-
tures showed that when MCA bifurcations become inclined, the
HPRs and LWSSRs shift from the apexes of the arterial bifurca-
tions to the ipsilateral daughter arteries, and this hemodynamic
feature may correlate with the initiation of MCA bifurcation
aneurysms.

Considering that the parent-daughter angle may be affected
by the aneurysm size, we enrolled only patients with small
MCA aneurysms. We analyzed the correlation between the
parent-daughter angle of the MCA bifurcation and aneurysm
size and neck width. The results suggested that the size of the
parent-daughter angle on the aneurysm side might not be

affected by aneurysm growth. Our data also
showed that aneurysm rupturing had little
influence on MCA bifurcation morphology.8

Unlike some previous groups that based their
measurements on 2D projecting images of
MCA bifurcations,8,17 we used 3D measuring
tools available in Mimics research software,
so we did not adopt all the parameters used
in those studies. We considered that by using
the 3D coordinate, our data would be more
representative of the real conditions in MCA
bifurcations.

Some studies have reported that the daugh-
ter-daughter angle is correlated with the pres-
ence of an intracranial aneurysm,8,10 which is
consistent with our results. We found that of all
the parent-daughter angles in the aneurysm

Table 2: Logistic regression analysis of morphologic factors
associated with MCA aneurysms after PSM

OR 95% CI P Value
(Intercept) 0.000 0.000–0.061 .006
Mean parent-daughter angle 1.095 1.053–1.145 ,.001
Mean RD 0.130 0.001–15.004 .406

Table 3: Angles in the control and aneurysmal groups

Variable/Group Angle
Value

P ValueMean Range
Parent-daughter angles
Control group (n = 54) f R1 (°) 117.98 6 23.5 62.59–160.36 ,.001

f R2 (°) 118.87 6 17.32 76.56–164.27
f L1 (°) 119.13 6 19.65 72.06–156.86
f L2 (°) 125.09 6 18.77 82.03–167.11

Aneurysmal group (n = 54) f A (°) 81.38 6 20.1 31.95–124.89
f NA (°) 118.81 6 21.35 82.42–163.84
f C1 (°) 116.41 6 22.89 50.44–160.78
f C2 (°) 115.31 6 17.26 81.74–148.75

Daughter-daughter angles
Control group (n = 54) gR (°) 110.61 6 28.33 46.64–168.98 ,.001

g L (°) 102.75 6 20.69 65.3–152.16
Aneurysmal group (n = 54) gA (°) 141.13 6 21.04 85.87–175.72

gC (°) 115.89 6 23.84 62.84–170.17
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group, the only difference was observed in the parent-daughter
angle (f A) on the aneurysm inclining side. This suggests that the
difference between the daughter-daughter angle (gA) on the
aneurysmal side and the contralateral daughter-daughter angle
(g c) is largely attributable to the parent-daughter angle (f A).
Moreover, ROC curve analysis showed that the parent-daughter
angle (f A) was useful for predicting which daughter artery is
likely to harbor an MCA aneurysm. These results suggest that a
single smaller parent-daughter angle may play an important role
in MCA aneurysm occurrence. Prospective studies should be per-
formed to test the predictive value in subjects with smaller par-
ent-daughter angles of MCA bifurcations.

To explore the possible hemodynamic mechanism behind
this unique shape, we further performed CFD analysis on 3D
aneurysmal MCA bifurcations reconstructed from CTA data.
By comparing the differences before and after virtual MCA
aneurysm removal, we observed that the initiation sites of
aneurysms overlapped with HPRs and LWSSRs, and these
areas inclined to the daughter artery that had a smaller par-
ent-daughter angle. Because hemodynamic data of CFD anal-
ysis on aneurysmal bifurcations are difficult to compare, we

constructed a group of simplified bifurcation models to ana-
lyze hemodynamic changes on varying a single parent-daugh-
ter angle. The CFD analysis of these simplified models
reconfirmed the previous finding in the 3D models of actual
aneurysmal MCA bifurcations—that is, when one of the par-
ent-daughter angles becomes smaller, the HPR and LWSSR
shift from the apex of the arterial bifurcation to the daughter
artery. We also observed that the HPR range widened and the
distal high-pressure gradient became steeper, but the pres-
sure and wall shear stress were not dramatically altered.
Combining these results with the fact that the inclined HPR
and LWSSR overlap with an MCA aneurysm site, we inferred
that the inclined HPRs and LWSSRs may correlate with the
initiation of the aneurysm.

According to previous studies, high or low wall shear stress
(LWSS) may cause aneurysm formation.1,3,4,18 The wall shear
stress curve data supported the hypothesis that LWSS was a pos-
sible reason. Similar LWSS values also exist on the apexes of nor-
mal MCA bifurcations, however, the normal distribution of
LWSS seldom causes aneurysms. Rather, the abnormal shift of
LWSS may be the real reason. Why can the HPR and LWSSR on

FIG 3. A, The size of fA was significantly different from that of the other 3 parent-daughter angles in the aneurysmal group and the 4 parent-
daughter angles in the control group. There were no statistically significant differences among the 3 parent-daughter angles in the aneurysmal
group and all 4 parent-daughter angles in the control group. B, The size of gA was significantly different from that of another daughter-daughter
angle in the aneurysmal group and 2 daughter-daughter angles in the control group. There were no statistically significant differences between
the 2 daughter-daughter angles in the control group. C, An optimal threshold of 100.06° for fA (area under the curve, 0.903) with 84.1% sensitiv-
ity and 81.5% specificity revealed that the daughter artery that is apt to harbor an MCA aneurysm is the artery with a smaller parent-daughter
angle. NS indicates no statistical significance (P. .05); asterisk, statistical significance (P, .05).

Table 4: Comparison of angles and diameters between ruptured and unruptured MCA aneurysms
Variables Ruptured Aneurysma n = 22 Unruptured Aneurysma n =23 P Value

Parent-daughter angles f A (°) 84.08 6 20.77 79.53 6 19.74 .423
f NA (°) 120.22 6 21.17 117.85 6 21.76 .691
f C1 (°) 115.35 6 22.45 117.15 6 23.52 .777
f C2 (°) 117.53 6 18.56 113.78 6 16.43 .449

Daughter-daughter angles gA (°) 137.01 6 24.69 143.97 6 17.99 .265
gC (°) 117.67 6 19.04 114.67 6 26.87 .634

Aneurysmal side RDs RDA (mm) 0.80 6 0.17 0.73 6 0.22 .244
RDNA (mm) 0.90 6 0.22 0.84 6 0.14 .234

Nonaneurysmal side RDs RDC1 (mm) 0.75 6 0.14 0.72 6 0.20 .549
RDC2 (mm) 0.78 6 0.14 0.82 6 0.20 .469

a Values are presented as means.
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the daughter arterial wall form an aneurysm but cannot when
they are located on the apex? Previous studies offer some
clues.3,18-22 Specifically, unlike the arterial wall, the apex of a cere-
bral arterial bifurcation lacks a tunica media and forms a “gap”
that is filled with fibers from the tunica adventitia, namely the
“apical ridge.” This structure is composed of collagen fibers and
can, therefore, bear stronger impingement of blood flow than the
arterial wall.

On the basis of the above inferences, we propose the following
mechanism of MCA aneurysm initiation. Compared with sym-
metric MCA bifurcations in which high-pressure and LWSS fall
on the “strong” apical ridge, the high-pressure and LWSS of
asymmetric MCA bifurcations fall on the relatively “weak” arte-
rial wall. Because the arterial wall cannot bear this stress, arterial
structures—especially the elastic laminas—will be damaged under
the long-term impact of blood flow and an aneurysm will emerge

FIG 4. CFD analysis. A, CFD analysis on an aneurysmal MCA bifurcation shows the initial sites of aneurysms overlap with HPRs and LWSSRs, and
these sites incline to the daughter artery with a smaller parent-daughter angle (first row, pressure contour; second row, wall shear stress con-
tour; third row, blood flow direction. See also On-line Digital Content 2). B, CFD analysis of simplified 3D MCA bifurcation models. When a single
parent-daughter angle varied from 120° to 30°, HPRs and LWSSRs were displaced from the apex of the bifurcation to the same daughter artery
wall (detailed demonstrations are also shown in On-line Digital Content 3); the values of hemodynamic parameters were obtained along the vir-
tual path (black arrows) in the simplified 3D MCA bifurcation models. C and D, The distribution of pressure and wall shear stress shifts along the
virtual path when a single parent-daughter angle varies from 120° to 30°. The HPR and LWSSR (black arrows) shift from the apex to the left
daughter artery, which has a smaller parent-daughter angle. The red line represents the bifurcation apex, the left part represents the daughter
artery with a variable angle, and the right part represents the daughter artery with a fixed angle.
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(Fig 5). Although this hypothesis considers the influence of the
MCA bifurcation structure on the formation of an intracranial
aneurysm to some extent, it also emphasizes the core role of
hemodynamics. Whether these events are universal is unknown,
and our theory still needs to be examined and confirmed by fur-
ther investigations based on biologic models.

Our study has some limitations that need to be considered.
First, we examined cross-sectional data. Although our analy-
sis showed no significant correlation between parent-daugh-
ter angles on the aneurysmal bifurcations and aneurysm size
or neck width, the local geometry of the arteries may still be
affected, which would reduce the accuracy of hemodynamic
analysis. To minimize the effect of aneurysm size and repre-
sent the initial status of aneurysm formation, only small
MCA aneurysms of ,10mm were included in our study;
therefore, our results may not be generalizable to all MCA
aneurysms. Second, our findings revealed a stronger correla-
tion between the parent-daughter angle of the MCA bifurca-
tion and the presence of aneurysms; however, it is unclear
whether this is a cause-and-effect relationship. Future studies
should be performed to help identify high-risk individuals
who are likely to develop aneurysms.

CONCLUSIONS
An inclined MCA bifurcation caused by a single smaller par-
ent-daughter angle is prone to develop an aneurysm. When a
single parent-daughter angle of an MCA bifurcation
decreases, the HPR and LWSSR shift from the apex of the ar-
terial bifurcation to the daughter artery wall. This hemody-
namic change may be associated with the initiation of an
MCA bifurcation aneurysm.
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Persistent Blood Flow inside the Woven EndoBridge Device
More Than 6 Months after Intracranial Aneurysm Treatment:
Frequency, Mechanisms, and Management—A Retrospective

Single-Center Study
H.A. Nguyen, S. Soize, P.-F. Manceau, L. Vudang, and L. Pierot

ABSTRACT

BACKGROUND AND PURPOSE: Due to its high safety and great efficacy, flow disruption with the Woven EndoBridge (WEB)
device is increasingly used to treat intracranial aneurysms. We recently identified patients with intracranial aneurysm
treated with the WEB who presented with residual blood flow inside the device (“contrast-in-WEB” phenomenon) more
than 6 months posttreatment. This series reports the frequency and underlying mechanisms and discusses management of
this phenomenon.

MATERIALS AND METHODS: All patients presenting with the contrast-in-WEB phenomenon in the prospectively collected data
base of patients with aneurysm treated with the WEB were retrospectively collected and analyzed.

RESULTS: From June 2011 to February 2019, one hundred twenty-seven patients with 133 aneurysms were treated with the WEB
and had DSA follow-up at 6months or later. Eight patients (6.3%) presented with the phenomenon. All aneurysms were wide-
neck bifurcation aneurysms, including 7 unruptured and 1 ruptured aneurysm located at the MCA (5 aneurysms), anterior com-
municating artery (2 aneurysms), and basilar artery (1 aneurysm). All except 1 patient received dual-antiplatelet therapy prepro-
cedure. All except 1 patient received dual-antiplatelet therapy postoperatively for at least 1 month. The most likely mechanism
of the phenomenon is the absence of intradevice thrombosis related to perioperative dual-antiplatelet medication. The phe-
nomenon is also likely associated with a low risk of bleeding except when there is residual blood flow against the aneurysm
wall or in the dome.

CONCLUSIONS: Contrast-in-WEB is a relatively rare phenomenon possibly induced by dual-antiplatelet therapy continued post-
WEB procedure. In most cases, no additional treatment is required.

ABBREVIATIONS: DAPT ¼ dual-antiplatelet therapy; DL ¼ dual-layer; SL ¼ single-layer

F low disruption with the Woven EndoBridge (WEB; Sequent
Medical, Aliso Viejo, California) system is a new approach for

treatment of wide-neck bifurcation aneurysms.1 The system disrupts
blood flow entering the aneurysm by inducing intra-aneurysmal
(and intradevice) thrombosis that usually occurs hours following the
procedure. Because the WEB is an intrasaccular device, dual-anti-
platelet treatment is not necessary before or after the procedure,
and its use can be extended to ruptured aneurysms.2-6 Since its first

use in humans in 2011, the safety and efficacy of the WEB has been

evaluated in several prospective, multicenter, Good Clinical Practice

studies.2-5,7-14 The level of procedural safety has been extremely high

with no mortality and a morbidity rate of between 0.7% and 3.0% at

1month.2,3 Adequate occlusion (complete occlusion and residual

neck) according to the WEB occlusion scale was observed between

79.1% and 84.6% after 1-year follow-up.2-4 Long-term efficacy is still

being evaluated after the so-called “compression” phenomenon,

more a “retraction” process related to thrombosis into the device as

part of the healing process, was reported.15,16 A recent publication

about the global population of 3 European WEB studies confirms

robust stability of the treatment at 2-year follow-up.17

During the follow-up of our large series of patients treated with
the WEB since 2011, we observed the presence of residual flow
inside the device .6months after treatment (“contrast-in-WEB
phenomenon”). Because this phenomenon was not previously ana-
lyzed, we conducted a retrospective study to investigate its inci-
dence and underlying mechanisms and to propose optimal patient
management.
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MATERIALS AND METHODS
This retrospective, single-center study was conducted between
June 2011 and February 2019. According to the retrospective
design of the study, institutional review board or ethics commit-
tee approval was not required. Patients gave oral informed con-
sent for their data use.

Study Design
Patients were included if

• They had an intracranial aneurysm treated with the WEB de-
vice with or without adjunctive materials.

• They were followed-up with DSA at 6 months or later.
• There was residual flow inside the device at least 6 months
posttreatment.

Patients were excluded if they did not have at least a 6-month
DSA follow-up or if they refused to participate in the study.

WEB Embolization Technique
All patients had coagulation evaluation before the WEB proce-
dure, which included prothrombin time–international normal-
ized ratio, activated clotting time, fibrinogen, and platelet count.

The procedure was performed on a biplane angiographic system
(AlluraClarity; Philips Healthcare) with patients under general an-
esthesia. Patients with unruptured aneurysms received dual-antipla-
telet therapy a few days before the procedure, using 2 different
protocols, which were implemented successively using aspirin,
75mg/day, plus clopidogrel, 75mg/day for 5days, or aspirin,
75mg/day, plus ticagrelor, 90mg, twice daily for 2days. We did not
perform antiplatelet testing. All patients (with ruptured and unrup-
tured aneurysms) received a loading dose of IV heparin
(Panpharma; Luitré, France), 50 U/kg, after femoral puncture fol-
lowed by IV infusion of 1000 U/h during the procedure.
Postoperatively, all patients received aspirin, 75mg/day, for at least
5weeks; with stent placement or WEB protrusion, clopidogrel or
ticagrelor (same doses) was also given with variable durations.

Triaxial access (long introducer sheath, distal access catheter,
and microcatheter) was used routinely for the placement of the
WEB device. The microcatheter was a VIA (Sequent Medical).

Using measurements obtained on 3D-DSA images, we per-
formed WEB device sizing. The size of aneurysm including width,
height, and neck was measured in 2 orthogonal planes. Then, fol-
lowing oversizing recommendations (1mm added to the average
width and a decrease of 1mm in height), we chose theWEB.

Imaging Follow-Up
Anatomic follow-up was performed by 3T MR imaging and DSA
according to a previously published protocol.18 In the most recent
follow-up (since September 2018), VasoCT (Philips Healthcare)
was performed using a diluted iodine contrast agent with 15%
iodixanol (Visipaque 270; GE Healthcare) and an 85% saline so-
lution. The total volume used was 90mL at an injection rate of
3mL/s.

Data Collection
A prospective data base of all patients with aneurysms treated
with the WEB is maintained. The files and follow-up images of

all patients were reviewed by a physician not involved in the
WEB procedures to identify all patients with persistent contrast
inside the WEB at 6months’ follow-up or later. Aneurysm char-
acteristics and treatment modalities were collected in the elec-
tronic medical records system and retrospectively reviewed.

To determine the role of dual-antiplatelet therapy (DAPT) in
the occurrence of the contrast-in-WEB phenomenon, we ana-
lyzed the files of the 119 patients treated during the recruitment
period who did not present with the phenomenon. The reasons
for placing the patients under DAPT after the procedure were
collected.

Data Analysis
An interventional neuroradiologist with 4 years’ experience inde-
pendently analyzed the images. The following elements were ana-
lyzed on 2D-DSA and VasoCT: Opacification of the WEB was
classified as complete when the full device was opacified with
contrast and partial when it was partially opacified with contrast
(Fig 1). Additionally, the presence of contrast in the aneurysm
neck or in the aneurysm sac (at the level of the dome) was
evaluated.

In addition to evaluating residual flow in the WEB device and
the aneurysm, we evaluated potential modification of the WEB
shape by observation and direct measurement of the distance
between both proximal and distal markers in the same DSA pro-
jection using 2D-DSA nonsubtracted images.

RESULTS
From June 2011 to February 2019, one hundred twenty-seven
patients with 133 aneurysms (124 unruptured and 9 ruptured)
were treated with the WEB device (20 patients/21 aneurysms
with the WEB-dual-layer [DL], 107 patients/112 aneurysms
with the WEB-single layer [SL] or WEB-single-layer spherical
[SLS]) and had DSA follow-up at 6months or later. Eight
patients (6.3%) met the inclusion/exclusion criteria of the study
for the contrast-in-WEB phenomenon.

Aneurysm Characteristics
The study group comprised 8 aneurysms presenting with resid-
ual blood flow in the device at 6months’ follow-up or later.
Seven aneurysms were unruptured, and one was ruptured. All
aneurysms were wide-neck bifurcation aneurysms located at the
MCA (5 aneurysms), anterior communicating artery (2 aneur-
ysms), and basilar artery (1 aneurysm). Regular shape was dom-
inant (6 aneurysms). Aneurysm characteristics are shown in
Table 1.

Antiplatelet Treatment
Preoperative coagulation evaluation findings were normal in all
patients.

Three of 8 patients with the contrast-in-WEB phenomenon
received long-term antiplatelet therapy before treatment of cer-
ebral aneurysms due to their comorbidities, including mono
antiplatelet therapy in 1 (patient 5) and DAPT in 2 (patients 4
and 6). Before the procedure, 1 patient received DAPT with oral
aspirin, 75mg, and clopidogrel, 75mg, daily for 5 days (patient
1) and 6 patients received DAPT with aspirin, 75mg, and
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ticagrelor, 90mg, twice daily for 2 days (patients 2 to 7). After
the intervention, 6 of the 7 patients with unruptured aneurysm
were treated with DAPT for at least 2months: One because the
patient (patient 3) was treated with the WEB and stent (DAPT
for 3months), 1 because the patient (patient 7) had a WEB pro-
trusion (DAPT for 2months), and the remaining 4 patients
(patients 1, 4, 5, and 6) due to comorbidities, with permanent
DAPT in 2 (patients 4 and 6), DAPT for 3months in 1 (patient
5), and DAPT for 2 years in 1 (patient1 ). The patient with a
ruptured aneurysm (patient 8) was treated with DAPT for
1month followed by mono antiplatelet therapy due to the WEB
protrusion.

Among the 119 patients who did not present with the con-
trast-in-WEB phenomenon, 36 (30.3%) received DAPT after the
procedure. In 20 patients, this treatment was given due to place-
ment of a stent (15 patients) or a flow diverter (5 patients) during
the procedure. Three patients were treated permanently with
DAPT related to cardiac disease or previous stroke, and 13
patients, due toWEB protrusion.

Procedure
The WEB alone was successfully
deployed and detached in 7 aneur-
ysms. One MCA aneurysm was
treated with the WEB and a rescue
stent because of important WEB pro-
trusion (patient 3). All WEBs used
were WEB-SL, including 27 devices
in 2 aneurysms, 21 devices in 1, and
17 devices in 5. In all except 1 patient
(patient 4), the WEB was oversized
in width according to current recom-
mendations. The size of the WEB is
reported in Table 1.

Complications and Initial Results
No intraoperative complications occurred
in any patient.

Immediate postoperative DSA,
including 2D-DSA in all patients and
VasoCT in 3 patients, showed resid-
ual flow inside the WEB in 3 patients
and inside as well as around the
WEB in 5 patients.

Clinical and Imaging Follow-Up
The mean follow-up time was 18.75 6

13.4 months (range, 6–48months). All
patients remained clinically normal
during the follow-up period (mRS 0).
No bleeding or rebleeding was ob-
served during this period.

DSA follow-up was performed at
6months in all except 1 patient, at
1 year in all except 1 patient who was
pregnant, at 2 years in 2 patients, and
at 4 years in 1 patient.

All aneurysms and patients under-
went at least 1 VasoCT during the follow-up, showing partial WEB
opacification without neck or aneurysm opacification (Fig 2) in 3
patients (patients 2, 5, and 6), complete WEB opacification without
neck or aneurysm opacification (Fig 3) in 3 patients (patients 1, 7,
and 8), partial WEB opacification and neck opacification (Fig 4) in
1 patient (patient 3), and complete WEB opacification and dome
opacification (Fig 5) in 1 patient (patient 4). This last patient was
treated with an inappropriately oversized (mean aneurysm width,
6.7mm, and the implanted device was a WEB 17 SL 7 � 3mm)
WEB device.

Measurement of the WEB postoperatively and during follow-
up did not reveal height modification. Among 7 patients followed
up after 6months, the residual opacified part was completely
thrombosed at 1 year in 1 patient (patient 5, in this patient DAPT
was discontinued after 3months), had slightly decreased after
4 years in 1 patient (patient 1), and was unchanged after 1 year in
3 patients (patients 4, 6, and 8) and after 2 years in 2 patients
(patients 2 and 3). The height modification of the WEB is shown
in Table 2.

FIG 1. Different types of contrast-in-WEB phenomenon. Areas with black spots are thrombosed.
A, Partial opacification of the WEB without opacification of the neck or aneurysm. B, Partial opa-
cification of the WEB and opacification of the neck (neck remnant). C, Partial opacification of the
WEB and aneurysm dome (aneurysm remnant). D, Complete opacification of the WEB without
opacification of the neck or aneurysm. E, Complete opacification of the WEB and opacification
of the neck (neck remnant). F, Complete opacification of the WEB and opacification of the aneu-
rysm (aneurysm remnant).

Table 1: Aneurysm characteristics and WEB deployed

No. Location

Sac
Width
(mm)

Sac
Height
(mm)

Neck
Width
(mm)

Dome-to-
Neck Ratio

Ruptured
Statusa

WEB
Deployed

1 AcomA 6.0 4.7 4.5 1.3 0 SL 7-3
2 BA 3.4 5.0 3.2 1.1 0 SL 5-3
3 MCA 7.2 5.9 5.5 1.3 0 SL 8-3
4 MCA 6.7 4.0 6.0 1.1 0 SL 7-3
5 MCA 5.3 3.9 4.4 1.2 0 SL 6-3
6 MCA 3.2 4.5 3.3 1.0 0 SL 4.5-3
7 MCA 5.2 5.0 4.4 1.2 0 SL 7-3
8 AcomA 3.7 4.1 3.0 1.2 1 SL 4.5-2

Note:—AcomA indicates anterior communicating artery; BA, basilar artery.
a 0, Unruptured; 1, ruptured.
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Retreatment
The patient who had residual flow in the aneurysm dome (patient
4) was retreated by clipping 15months after the initial WEB
procedure.

DISCUSSION
This series describes a phenomenon, contrast-in-WEB, observed
afterWEB aneurysm treatment, which is persistent blood flow inside
the WEB device $6months post-WEB treatment. The

phenomenon is illustrated by a persistent opacification inside the
WEB device on DSA and is well-visualized on VasoCT. This persis-
tent WEB opacification can be partial or complete and is sometimes
associated with residual opacification of the neck or dome. This phe-
nomenon has been very rarely reported in the literature (2 cases, one
of them being included in the present series) and was relatively rare
(6.3%) in our single-center series.19,20 It likely also exists after aneu-
rysm coiling as shown by some experimental studies but is difficult
to depict due to coil artifacts.21 The phenomenon was observed in
both ruptured and unruptured aneurysms exclusively with theWEB-

FIG 2. 3D (A) and 2D (B) DSA show a basilar artery aneurysm. Nonsubtraction (C) and subtraction (D) images of the first DSA follow-up after
1 year show partial filling of the WEB with contrast. A similar finding is observed at 2 years (E and F). VasoCT in 2 different views (G and H) con-
firms a partial opacification of the WEB and no opacification of the aneurysm.

FIG 3. 3D (A) and 2D (B) DSA show an anterior communicating artery aneurysm. Nonsubtraction (C) and subtraction (D) images of the first DSA
follow-up after 6months and of the latest DSA follow-up after 4 years (E and F) show complete filling of the WEB with contrast. VasoCT in 2 dif-
ferent views (G and H) shows opacification of the WEB and no opacification of the aneurysm.
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SL and was persistent in all but 1 patient (the longest follow-up being
4years). Thus, further thrombosis inside the WEB is rarely observed
during follow-up, when the phenomenon is detected at 6months.

Mechanisms
The first important point is that the persistence of blood flow
inside the device shows that thrombosis inside the device did not
occur; instead, blood flow is related to coagulation factors related
to the patient or the treatment the patient received or mechanical
factors related to the device.

Findings of the coagulation evaluation (prothrombin time–
international normalized ratio, activated clotting time, fibrinogen
levels, and platelet count) systematically performed before all
endovascular treatment procedures of aneurysms were normal in
all patients. All patients received heparin treatment during the
procedure, which was stopped within 24 hours postprocedure;
therefore, it seems unlikely that heparin plays a role in the phe-
nomenon. In all except 1 case, patients received DAPT preproce-
dure. Finally, all except 1 patient received DAPT postoperatively
for at least 1month. DAPT is used preoperatively because the
WEB treatment is dedicated to wide-neck bifurcation aneurysm
treatment associated with a higher risk of thromboembolic com-
plications than narrow-neck aneurysms during endovascular
treatment.22 Moreover, in case of WEB treatment failure, an al-
ternative endovascular treatment option is stent-assisted coiling
using DAPT. DAPT is used postoperatively if a stent is placed in
combination with the WEB or in cases in which there is WEB pro-
trusion with reduction of the caliber of 1 bifurcation branch.
DAPT likely prevents initiation of the intradevice thrombosis pro-
cess, which will not occur even after a change to mono antiplatelet
therapy or even after stopping all antiplatelet medications.

Thirty-six patients treated with theWEB and receiving DAPT af-
ter the procedure did not present with the contrast-in-WEB phe-
nomenon. Among them, an additional device (stent or flow diverter)
was placed in front of the aneurysm neck in 20 patients and probably
explained why these patients did not present with the phenomenon.
However, it seems that the placement of a stent did not completely
prevent the phenomenon because 1 patient with it was treated with
the WEB and a stent. Finally, 13 patients received DAPT because of
WEB protrusion, and the fact that they did not present with the phe-
nomenon shows that other individual factors play a role.

All patients were treated with the WEB-SL; this phenomenon
was not observed with dual-layer devices (WEB-DL). Because a

limited number of patients (20/127 or
15.7%) were treated with the WEB-DL
in our global series, it is not possible to
confirm whether this phenomenon also
occurs with this device. According to
their design, the dual-layer devices have
a double layer at the proximal surface
level, while single-layer devices have 1
layer. The new braiding used for single-
layer devices is different from that used
for dual-layer devices and includes a
high wire density; both devices offer
equivalent anatomic results in long-
term follow-up.17

Another potential factor is mechanical and related to over-
sizing in the width of the WEB device. Oversizing the WEB
width is associated with lateral compression and device defor-
mation, which can potentially modify the porosity of the device,
especially at its periphery. However, the expectation is that the
more oversized the device is, the lower its porosity will be,
which has been confirmed by some laboratory tests (unpub-
lished data). Even so, the only case in which the device was not
oversized (patient 4) was associated with a less favorable ana-
tomic situation (contrast in the WEB and in the aneurysm
dome), which required retreatment.

Finally, in 1 patient (patient 3), a rescue stent was placed in
front of the aneurysm neck after the WEB deployment. In this
patient, the stent potentially played a role in the contrast-in-
WEB phenomenon occurrence and the neck opacification that
was observed in this patient by displacing the WEB too much.

At the moment, on the basis of our series, we hypothesize that
the contrast-in-WEB phenomenon likely occurs due to perioper-
ative antiplatelet medication (namely postoperative DAPT).
Additionally, our series reveals that the worst cases (association
of neck or aneurysm opacification) seem to be associated with
WEB undersizing or additional stent placement.

Management of Contrast-in-WEB Phenomenon
According to the hypothesized mechanism of the phenomenon, its
prevention should focus on fine-tuning the perioperative antiplatelet
medication, which suggests avoiding postoperative DAPT; this has 2
consequences: 1) DAPT can be given preoperatively but has to be
stopped postoperatively, and 2) patients under chronic DAPT for
other health problems should probably not be treated with the
WEB. As discussed, the WEB device still needs to be adequately
oversized in width, given that it does not seem to play a role in the
contrast-in-WEB phenomenon.16

The next question is what to do in cases of existing contrast-in-
WEB phenomenon? Briefly, 3 situations can be encountered. First,
the contrast is only visible inside the WEB device and not around it
(Figs 2 and 3). In this case, because there is no blood flow in contact
with the aneurysm wall, the risk of rebleeding is probably very low
or nonexistent and no additional treatment is required other than
regular follow-up. Second, when contrast is seen inside the WEB
and at the neck (Fig 4), the risk of bleeding is probably low, as in the
case of any neck remnant.23 In this case, regular follow-up is
required to identify any increase in the size of the contrast

Table 2: WEB shape modification

No.

Height
Postoperat-
ion (mm)

Height
after 6

Months (mm)

Height
after 1

Year (mm)

Height
after 2

Years (mm)

Height
after 3

Years (mm)

Height
after 4

Years (mm)
1 6.2 5.8 5.8 5.9 5.6 5.8
2 3.6 – 3.4 3.6 – –

3 7.8 7.9 7.6 7.7 – –

4 5.5 5.9 5.1 – – –

5 5.4 6.0 5.8 – – –

6 4.1 4.2 4.1 – – –

7 6.0 6.0 – – – –

8 3.7 3.7 3.8 – – –

Note:—– indicates no imaging was performed at this date.
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opacification outside the WEB. Finally, in case of opacification in
the WEB and at the level of the dome (Fig 5), an additional treat-
ment should be proposed (patient 4). Potential additional treatments
have been discussed previously in the literature.24,25

Contrast-in-WEB Phenomenon andWEB Shape Modification
An ancillary finding in this series is that in cases of the contrast-in-
WEB phenomenon, there is noWEB shape modification. This phe-
nomenon was initially reported by Cognard and Januel15 and erro-
neously named “compression.” Pierot26 subsequently suggested

that this phenomenon was not compression but is part of the heal-
ing process, with thrombus formation and retraction leading to re-
traction of the device itself.

The contrast-in-WEB phenomenon confirms the hypothesis
of Pierot26 that in case of absence of intra-WEB thrombosis, there
is noWEB shape modification.

Limitations
This series has several limitations. First it is a retrospective, sin-
gle-center series. Because this study reports a phenomenon that

FIG 5. 3D (A) and 2D (B) DSA show an MCA aneurysm. Nonsubtraction (C) and subtraction (D) images of the first DSA follow-up after 6months
and of the latest DSA follow-up after 1 year (E and F) show complete opacification of the WEB and the aneurysm dome, confirmed by VasoCT
in 2 different views (G and H).

FIG 4. 3D (A) and 2D (B) DSA show an MCA aneurysm. Nonsubtraction (C) and subtraction (D) images of the first DSA follow-up after 6months
and of the latest DSA follow-up after 2 years (E and F) show partial opacification of the WEB and the aneurysm sac, confirmed by VasoCT in 2
different views (G and H).
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was previously unknown, there is no other option than to report
it in this way. Second, we have proposed several hypotheses
regarding the mechanisms of this phenomenon, yet there is
clearly a need for further investigation and studies to understand
this phenomenon fully. Finally, we have made several suggestions
regarding the management of this phenomenon, but a clearer
understanding of the underlying mechanisms will potentially
change treatment recommendations.

CONCLUSIONS
This series reports a rare phenomenon (6.3%) observed after an-
eurysm treatment with the WEB that consists of delayed opacifi-
cation of the WEB $6months after the procedure. Further
studies are needed to understand this phenomenon that is poten-
tially related to the use of DAPT postoperatively as well as insuffi-
cient coverage of the neck. According to this preliminary series,
the phenomenon seems to be associated with a low risk of bleed-
ing, but larger studies with longer follow-up are needed to con-
firm this point.

Disclosures: Laurent Pierot—RELATED: Consulting Fee or Honorarium: MicroVention;
UNRELATED: Consultancy: Balt, phenox, Vesalio.
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Residual Flow Inside the Woven EndoBridge Device at
Follow-Up: Potential Predictors of the Bicêtre Occlusion

Scale Score 1 Phenomenon
M.T. Nawka, A. Lohse, M. Bester, J. Fiehler, and J.-H. Buhk

ABSTRACT

BACKGROUND AND PURPOSE: The Woven EndoBridge (WEB) device is an established technique for the treatment of intracranial
aneurysms. Occasionally, persistent opacification inside the WEB lumen can be observed at follow-up (previously described as
Bicêtre Occlusion Scale Score 1). We evaluated potential risk factors of this phenomenon, hypothesizing that initial deviation of
the WEB device from the aneurysm axis, size of the aneurysmal neck surface, or inappropriate WEB sizing correlates with Bicêtre
Occlusion Scale Score 1 findings.

MATERIALS AND METHODS: We systematically reviewed all patients treated with the WEB device between February 2014 and
December 2018 in our neurointerventional center. Patients with midterm follow-up DSA available were considered for aneurysm
evaluation applying the Bicêtre Occlusion Scale Score. WEB angle deviation from the aneurysm axis, neck widths, and WEB sizes
were collected.

RESULTS: We included 65 patients with 67 intracranial aneurysms. Eleven of 67 (16.4%) intracranial aneurysms showed the Bicêtre
Occlusion Scale Score 1 phenomenon at follow-up. Anterior-posterior projections of WEB axis deviation (angles measured in
degrees) were significantly different between the Bicêtre Occlusion Scale Score 1 cohort (median 6 interquartile range, 17 6 17)
and all other Bicêtre Occlusion Scale Scores (median 6 interquartile range, 7 6 11; P ¼ .023), whereas in lateral projections, no sig-
nificant difference was observed (median 6 interquartile range, 10 6 10 versus 8 6 9; P ¼ .169). Neck or aneurysm recurrence, but
not the Bicêtre Occlusion Scale Score 1 phenomenon, occurred significantly more often in patients with inappropriate WEB sizing
compared with appropriate WEB sizing (median 6 interquartile range, 1 6 1.3 versus 0 6 0; P, .001/P ¼ .664).

CONCLUSIONS: The Bicêtre Occlusion Scale Score 1 phenomenon is associated with an initial deviation of the WEB device from
the aneurysm axis but does not correlate with aneurysmal neck surface measurements or WEB sizing.

ABBREVIATIONS: AcomA ¼ anterior communicating artery; BOSS ¼ Bicêtre Occlusion Scale Score; IA ¼ intracranial aneurysms; IQR ¼ interquartile range;
WOS ¼ WEB Occlusion Scale; WEB ¼ Woven EndoBridge

Endovascular treatment of wide-neck intracranial aneurysms
(IA) with the Woven EndoBridge system (WEB; Micro-

Vention) has been shown to be a reliable approach to provide
flow disruption, demonstrating satisfactory aneurysm occlusion
rates in previous studies.1-3 Due to the risk of recurrence of IA,
the performance of follow-up examinations is obligatory, and
CTA, MRA, DSA, or flat panel CT are commonly used modalities
to verify long-term stability.4-7 Contrast opacification inside the

WEB lumen typically occurs during the procedure directly after
WEB deployment, but occasionally isolated residual inflow of
contrast media into the WEB-carrying dome can be observed at
follow-up DSA.6 The former WEB Occlusion Scale (WOS) has
been revised, and the newer Bicêtre Occlusion Scale Score
(BOSS) includes situations with residual intradevice WEB filling,
to categorize this finding.6 The clinical impact of this phenom-
enon concerning aneurysm rupture risk and antiaggregation is
not yet known, but consideration for retreatment has been
emphasized because the risk of rebleeding from ruptured aneur-
ysms after WEB treatment seems to be an issue in this context.6,8

Nevertheless, it is important to differentiate isolated residual
WEB filling (BOSS 1) and aneurysm remnants or recurrence
(BOSS 3), which more frequently require retreatment.6

The purpose of our study was to evaluate potential factors
determining and influencing the development of BOSS 1 findings
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at midterm follow-up DSA, using a retrospective single-center
case series. We primarily hypothesized that axis deviation of the
WEB inside the aneurysmmight result in residual intradevice fill-
ing. This seems logical with regard to the structure of the device:
The flow-disrupting effect of the WEB can be considered optimal
when the device is located exactly in the direction of the main
geometric axis of the aneurysm, leading to blood flow against the
proximal recess of the device, where wire density is highest. If the
device is tilted, the flow might hit its “shoulder,” where wire den-
sity decreases substantially compared with the center. This result
might lead to incomplete thrombus formation within the WEB.
However, it might not necessarily lead to recurrence as long as
the neck of the aneurysm is fully covered. Further hypotheses
were that a larger aneurysmal neck surface, the width of the WEB
device, and suboptimal sizing of the WEB (undersizing) possibly
correlate with the occurrence of the BOSS 1 phenomenon at mid-
term follow-up.

MATERIALS AND METHODS
Population
This retrospective study was conducted in accordance with the
1964 Declaration of Helsinki, and the local ethics review commit-
tee waived individual informed consent. We systematically retro-
spectively reviewed all patients with ruptured and unruptured
intracranial aneurysms treated with the WEB device in our neu-
rovascular center between February 2014 and December 2018.
Patients with at least 1 midterm follow-up DSA (on average
6months postprocedure) available were considered in this study.

Endovascular Procedure and Antiaggregation
Initial DSA examinations and procedures were performed on a
biplane angiographic system (Allura Clarity FD 20/20; Philips
Healthcare), with the patient under general anesthesia in all pro-
cedures. Using transfemoral catheterization, selective series of the
respective artery in anterior-posterior and lateral projections
were obtained, and a 3D rotational angiography as well as an
additional working view projection were acquired. On the basis
of the 3D rotational angiography, aneurysm measurements were
performed and the appropriate WEB size was chosen. WEB
sizing was conducted following the respective recommendations
of the company (Sequent Medical; WEB Device Selection Guide;
MicroVention). After WEB positioning, a control angiogram was
obtained to evaluate appropriate placement and contrast media
stasis inside the device. If the WEB position was unsatisfactory,
the device was resheathed and repositioned. A final DSA run was
conducted after WEB detachment.

Follow-up DSA was performed using transfemoral catheteri-
zation and obtaining a selective series of the respective artery in
anterior-posterior and lateral projections. Additionally, a dedi-
cated contrast-enhanced flat panel CT scan was acquired, using
the neuroangiographic x-ray C-arm (Allura Clarity FD 20/20),
equipped with a flat panel detector.

We administered 100mg of aspirin and 75mg of clopidogrel
1week prior to elective treatment of unruptured IA. Peripro-
cedural anticoagulation with 2500 IU of heparin was performed
in all cases. In ruptured IA, 250mg of aspirin was administered
during the intervention. In all cases, single antiaggregation with

100mg/day of aspirin was continued for 6weeks postprocedure,
unless protrusion of the WEB device into the carrying vessel was
observed; in those cases, an additional 75mg of clopidogrel daily
was deemed necessary, and in individual cases, antiaggregation
was prescribed for up to 6months.

Image Analysis
Our standard follow-up regimen for patients treated with the
WEB device includes MRA and DSA at 6months, and additional
long-term follow-up MRA is regularly performed after 18months.
DSA images were evaluated by 2 independent, experienced neuro-
radiologists with.4 years’ experience in WEB treatment (J.-H.B.
and M.B.). Aneurysm occlusion rates were assessed applying the
BOSS: 0 ¼ no aneurysm filling, 00 ¼ opacification of the proximal
recess, 1 ¼ opacification inside the WEB, 2 ¼ neck remnant, 3 ¼
aneurysm remnant with contrast agent inside the sac between the
wall and the WEB device.6 Residual filling of the WEB device was
analyzed using primarily flat panel CT and anterior-posterior and
lateral DSA series, respectively. Additional grading of aneurysm
occlusion at midterm follow-up DSA and long-term follow-up
MRA was assessed according to the WOS: WOS A ¼ complete
aneurysm occlusion, WOS B ¼ neck remnant, and WOS C ¼
aneurysm remnant.9

All IA were assessed regarding implantation of the WEB de-
vice, and potential deviation from the aneurysm axis was meas-
ured in lateral and anterior-posterior planes. We subsequently
performed arbitrary categorization of each intracranial aneurysm
into 1 of the following 3 groups, depending on the extent of devia-
tion: A (0°–15°), B (16°–30°), and C (31°–45°). To objectively
determine the respective aneurysm axis in each case, we defined it
as an orthogonal line toward the aneurysm neck plane.10 We fur-
ther collected the width of each WEB device and all aneurysm
neck widths, measuring the largest and smallest diameters, respec-
tively. Aneurysm neck surfaces were calculated by multiplying the
minor andmajor aneurysm neck radii byp . Additionally, we ana-
lyzed WEB sizing for each aneurysm, determining the average an-
eurysm width from anterior-posterior and lateral projections,
measuring the smallest aneurysm height and subsequently match-
ing the chosen WEB device to the Device Selection Table accord-
ing to the company’s latest recommendations (WEB Device
Selection Guide), resulting in a dichotomous classification: appro-
priate or inappropriate WEB sizing.

Statistics
Quantitative variables were described as mean 6 SD, while
qualitative variables were reported as number and percentage.
Categoric variables were compared using the x 2 or the Fisher
exact test, as appropriate. The Mann-Whitney U test was
applied when data did not follow a normal distribution. A P
value of .05 was considered statistically significant. Statistical
analysis was performed using SPSS Statistics 24.0 (IBM) and
Excel 2016 (Microsoft).

RESULTS
Patient and Aneurysm Characteristics
The follow-up range for the DSA examinations postprocedure
was 5.5–7.8months (median, 6.1months) and 14–24months
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(median, 18months) for long-term MRA. Regarding the overall
collective, 52/65 patients were women (80%) and 13/65 (20%)
were men, with a mean age of 55.0 6 9.6 years; range, 30–
81 years. Fifty-three of 67 IA (79.1%) were unruptured, and 14/67
(20.9%) IA were treated in the setting of subarachnoid hemor-
rhage, including 3 cases of retreatment due to aneurysm recur-
rence after prior coiling or clipping. Forty-six of 67 (68.7%) IA
were located in the anterior circulation (anterior communicating
artery [AcomA], 22; MCA, 6; internal carotid artery, 15; anterior
choroidal artery, 1; posterior communicating artery, 2), whereas
21/67 (31.3%) IA were located in the posterior circulation (basilar
artery, 17; PICA, 4). Intraoperative thromboembolic events
occurred in 2 patients (3.1%), both treated by intravenous admin-
istration of tirofiban and dual-antiplatelet treatment for
3months, showing no permanent clinical deficits. No contrast
agent allergies or periprocedural hemorrhages occurred. In 2
cases, an additional stent was placed. Fifty-two patients were
treated with the WEB 21 system, and in 15 patients, the WEB 17
device was implanted. mRS scores at midterm follow-up were
available for 53/65 patients (81.5%), with 48 patients presenting
with an mRS of 0 (90.6%). The mRS score was 1 in 1 patient
(1.9%), 2 in 3 patients (5.7%, of whom 2 patients presented with
incidental IA, and 1 patient, with a ruptured intracranial aneu-
rysm with a pre-existing mRS of 2), and 4 in 1 patient (1.9%, who
had a ruptured intracranial aneurysm). Twelve mRS values were
missing at midterm follow-up.

Isolated residual WEB filling (BOSS 1) at midterm follow-up
DSA occurred in 11/67 IA (16.4%). Of all BOSS 1 cases, 10 (91%)
IA were located in the anterior circulation (AcomA 6; internal ca-
rotid artery 3; posterior communicating artery 1), whereas 1 (9%)
intracranial aneurysm was located in the PICA. All BOSS 1 cases
were unruptured aneurysms; no postoperative bleeding occurred
in the BOSS 1 collective at midterm follow-up. Three patients
(27%) of the BOSS 1 collective and 8 patients (14%) of the control
group, including the remaining BOSS scores, received antiplatelet
therapy (aspirin) at midterm follow-up because antiaggregation
was mandatory for at least 6months in those cases.

Following the WOS grading at midterm follow-up DSA, 9
patients (82%) showed complete aneurysm occlusion in the
BOSS 1 cohort, 1 patient (9%) had a neck remnant, and 1 patient
(9%) presented with an aneurysm remnant. In the control collec-
tive, 45 patients (81%) showed complete aneurysm occlusion, 8
patients (14%) demonstrated a neck remnant, and in 3 cases
(5%), an aneurysm remnant was detected. We observed no signif-
icant difference between the BOSS 1 group and the control cohort
at midterm follow-up DSA (median 6 interquartile range [IQR]:
16 0; 16 0; P¼ .961).

Long-termMRA could be performed in 8 patients of the BOSS
1 cohort (73%), all showing complete aneurysm occlusion (100%).
In the control collective, 32 of 56 patients (57%) underwent long-
term follow-up MRA; 22 patients showed complete aneurysm
occlusion (69%), 8 patients presented with a neck remnant (25%),
and 2 patients were graded as having aneurysm remnants (6%).

BOSS Classification
BOSS grading at midterm follow-up of all IA is shown in Table 1.
Three of 11 patients with BOSS 1 had additional long-term

follow-up DSA 1 year after initial treatment (27.3%), whereas 8
patients did not appear for their appointments (72.7%). In 2
patients, BOSS 1 findings were still verifiable at long-term DSA;
in 1 patient, BOSS 1 phenomenon disappeared 1 year after initial
therapy (Figure 1).

Deviation of the WEB Device from the Aneurysm Axis
To determine an exact analysis, we assessed the deviation of the
WEB device from the aneurysm axis in both direct (working pro-
jection) and perpendicular views on the affected bifurcation using
a selective series of the respective artery and 3D rotational angi-
ography, similar to the projections used for obtaining measures
to choose a WEB. See the On-line Figure for an exemplary illus-
tration of axis measurements in an incidental AcomA aneurysm.
Following the respective axis measurements, aneurysms of the
BOSS 1 cohort and all other BOSS grades were grouped accord-
ing to their axis deviation angle as described above: A (0°–15°), B
(16°–30°), and C (31°–45°). Table 2 provides a detailed presenta-
tion of the axis deviation grading for patients in the subgroups
BOSS 1 and all other BOSS grades. Axis deviation of the WEB de-
vice in an anterior-posterior orientation was significantly differ-
ent between the BOSS 1 cohort and all other BOSS grades
(median6 IQR: 176 17 versus 76 11; P¼ .023). No significant
difference was detected between the 2 groups when assessing lat-
eral projections (median6 IQR: 106 10 versus 86 9; P¼ .169).

Aneurysm Characteristics and WEB Widths
No significant difference was detected between patients with
BOSS 1 and all other BOSS grades regarding the width of each
WEB device according to the measurements of each average an-
eurysm width and the corresponding WEB-selection table for
correct sizing of the device (WEB Device Selection Guide; me-
dian6 IQR: 66 1 versus 66 2; P ¼ .296).

Aneurysm diameters were measured in millimeters with 2
lengths for each aneurysm and sorted in 2 groups according to
the longest and shortest diameters, respectively. No significant
differences could be observed between either the BOSS 1 cohort
and all other patients concerning the longest neck diameter (me-
dian 6 IQR: 4.0 6 1.4 versus 4.0 6 1.9 mm; P ¼ .446) or the
shortest neck diameter (median 6 IQR: 3.1 6 1.5 versus 3.2 6

1.4 mm; P ¼ .697). Following the calculations described above,
aneurysm neck surfaces are indicated in square millimeters. No
significant difference was found comparing patients with BOSS 1
and all other BOSS classifications regarding aneurysmal neck

Table 1: BOSS classification of the overall patient cohort
according to Caroff et al6

BOSS
Classification Description

Distribution
No. (%)

0 No residual flow inside the
aneurysm or the WEB

19 (28.4%)

00 Opacification of the proximal
recess of the WEB

22 (32.8%)

1 Residual flow inside the WEB 11 (16.4%)
2 Neck remnant 12 (17.9%)
3 Aneurysm remnant 3 (4.5%)
11 3 Contrast media depicted inside

and around the device
0 (0%)
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areas (median 6 IQR: 9.6 6 7.6 versus 10.0 6 8.0 mm2; P ¼
.588).

WEB Sizing
In 57/67 patients, WEB sizing was considered appropriate
(85.1%), whereas in 10/67 patients (14.9%), the WEB device was
regarded as undersized (n ¼ 8) or oversized (n ¼ 2). WEB sizing
was not associated with BOSS 1 findings at midterm follow-up
(P ¼ .664). Neck or aneurysm recurrence was significantly higher
in patients with inappropriate WEB sizing compared with
patients with appropriate WEB sizing (median 6 IQR: 1 6 1.3
versus 0 6 0; P, .001). When we compared different WEB
generations, no significant difference could be observed
between patients treated with the WEB 17 and WEB 21 systems
(median6 IQR: 16 1 versus 16 0; P ¼ .227).

DISCUSSION
Residual intradevice opacification on
DSA follow-up examinations is a com-
mon finding after WEB treatment;
because its etiology and clinical impact
are not entirely clarified, this phenom-
enon requires further analysis.6

Because endovascular rating scales
for coiling are not satisfactory for
assessing aneurysm occlusion rates af-
ter WEB deployment, a uniform WEB
rating scale has been previously intro-
duced into clinical routine.6 The 4-
grade WOS was initially proposed by
Lubicz et al,9 in 2014, and was modified
by Caroff et al,6 in 2016, to meet the

need of identifying aneurysm subgroups, becoming the Bicêtre

Occlusion Scale Score.11,12 The BOSS includes grading of residual

WEB filling (BOSS 1), though BOSS 1 findings can sometimes be

difficult to depict and need to be strictly distinguished from BOSS

11 3 and BOSS 3 categories. To assess WEB deployment and posi-

tioning, flat panel CT has proved highly beneficial.13 Aneurysm

remnants or recurrent IA (BOSS 3) must be considered for retreat-

ment because they have the risk of rebleeding, whereas in BOSS 1,

patients can be observed using subsequent DSA follow-up examina-

tions because the rupture risk is probably low.6 Dealing with

patients who underwent WEB treatment in the setting of SAH

might differ; to date, no reports of rebleeding in BOSS 1 are avail-

able, which is consistent with our collective. Furthermore, no reli-

able data concerning long-term behavior of BOSS 1 findings exist.

Table 2: Grading of axis deviation (WEB device axis from the aneurysm axis)

Collective Distribution (No.)
Mean 6 IQR

(BOSS 1 vs all Other
BOSS Grades),

P Value
All (67) BOSS 1

(11)
BOSS 0, 0 0,
2, 3 (56)

Working projection of
bifurcation

A (0°–15°) 48 (71.6%) 4 (36.4%) 44 (78.6%) 17 6 17 vs 7 6 11, P ¼ .023
B (16°–30°) 15 (22.4%) 5 (45.4%) 10 (17.8%)
C (31°–45°) 3 (4.5%) 2 (18.2%) 1 (1.8%)
Not ratable 1 (1.5%) 0 (0.0%) 1 (1.8%)

Perpendicular to
bifurcation

A (0°–15°) 58 (86.6%) 8 (72.8%) 50 (89.3%) 10 6 10 vs 8 6 9, P ¼ .169
B (16°–30°) 8 (11.9%) 2 (18.2%) 6 (10.7%)
C (31°–45°) 1 (1.5%) 1 (9.0%) 0 (0.0%)

FIG 1. Two different patients (patient 1: A–D; patient 2: E–H) initially presenting with incidental AcomA aneurysms. Arrows indicate residual WEB
filling at follow-up examinations (BOSS 1). A, Initial DSA of a patient treated with a WEB 27 device (single-layer, 6 � 4). B, Corresponding follow-
up DSA after 6months. C, Corresponding follow-up flat panel CT after 6months. D, Corresponding follow-up flat panel CT after 1 year. Note
the clearance of the residual intradevice filling. E, Initial DSA of a patient treated with a WEB 21 device (single-layer, 7 � 3). F, Corresponding fol-
low-up DSA after 7months. G, Corresponding follow-up flat panel CT after 7months. H, Corresponding follow-up flat panel CT after 1 year.
Note the remaining BOSS 1 phenomenon.
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During WEB treatment, adequate positioning of the device
inside the aneurysmal sac is a crucial step because incorrect place-
ment requires resheathing and replacement. An ideal alignment
of the WEB device to the aneurysm axis is preferable, but some-
times the final position of the device is a compromise due to
difficult aneurysm access or aneurysm configuration. If one
hypothesized that an initial axis deviation of the device from the
aneurysm axis correlates with BOSS 1 findings, this assumption
could be partially verified by our results: Axis deviation in the an-
terior-posterior orientation on midterm follow-up DSA showed
correlation to permanent blood flow into the device (BOSS 1).

In addition, most IA in the overall collective were located in
the AcomA, where aneurysm access is achieved through the ante-
rior cerebral artery and might sometimes be impeded by sharp
curves between these vessels and is thus less straightforward com-
pared with IA located in different areas. Especially in small
AcomA aneurysms, catheterization might be challenging and
requires consideration of the aneurysm neck orientation.14

Complex anatomies in the AcomA region can eventually be over-
come using smaller microcatheters with different tip shapes, and
variation in the degree of the stiffness of the microcatheter could
additionally be valuable, thus potentially improving microcath-
eter stability inside the aneurysm dome.14-16

If the microcatheter cannot be located in the anatomic center
of the aneurysm dome, WEB deployment must be conducted
from an oblique starting position. Because this course of axis
deviation is difficult to ascertain from lateral projections, this dif-
ficulty might explain the missing correlation between BOSS 1
findings and determination of the lateral axis deviation. Because
hemodynamic conditions and flow dynamics are crucial factors
in the development of aneurysm recurrence, the AcomA location
might be of high importance for the development of residual
WEB filling because flow conditions are particularly complex in
the AcomA region.17-19 Hemodynamic studies confirmed that
blood flow was faster in wide-neck IA;20 however, the presence of
a wide aneurysm neck as a risk factor for the development of an-
eurysm recurrence after WEB treatment could not be confirmed
in our study. This issue might be explained by a relatively small
range of neck widths in our collective (1.4–6.9mm). Following
aneurysm morphometrics, we furthermore aimed to assess the
potential impact of aneurysm neck diameters and aneurysmal
neck surfaces on the BOSS 1 phenomenon. Most interesting, this
assumption could not be confirmed by our statistics; however,
our results are in line with a recently published study by Goertz
et al,21 detecting no correlation between maximum aneurysm di-
ameter/neck width and procedure-related complications after
WEB treatment.

Not only correct deployment of the device but also WEB siz-
ing is a crucial issue during the treatment process, and the official
WEB-sizing scale recommends an appropriate choice of the de-
vice (WEB Device Selection Guide). Inappropriate sizing of the
WEB device was found to be uncommon in patients with BOSS
1, whereas oversizing or undersizing of the WEB device resulted
in substantially higher neck or aneurysm recurrence rates at fol-
low-up. According to these findings, Cagnazzo et al22 confirmed
that undersizing of the WEB device is more common in incom-
pletely occluded unruptured and ruptured IA. Especially in the

setting of treating ruptured IA, the primary objective is fast aneu-
rysm occlusion, and imperfect WEB sizing can more likely be
accepted than in the treatment of incidental IA where substantial
case preparation is obligatory. However, assessment of BOSS 1
findings in ruptured aneurysms needs to be further evaluated in
larger future studies. Following aneurysm treatment with the
WEB device, adequate follow-up examinations are deemed neces-
sary because aneurysm occlusion rates differ between unruptured
and ruptured IA.3 However, visualization of the WEB cavity and
thus detection of BOSS 1 phenomenon in MRA is impeded due
to radiofrequency shielding effects.23 Therefore, BOSS 1 verifica-
tion should generally be performed by DSA or flat panel CT.13,23

Limitations
This study had several limitations. First, it was a retrospective
analysis based on a relatively small single-center population.
Additionally, we evaluated only the first (midterm) follow-up
DSA. Because BOSS 1 cases might decrease and available DSA
examinations after 12months were sparse in our patient cohort,
the rate of BOSS 1 findings after 1 year needs to be evaluated in
further studies aiming to assess its clinical relevance. Because the
impact of BOSS 1 findings might be higher in ruptured aneur-
ysms due to the additional risk of aneurysm re-rupture, a poten-
tial correlation should be evaluated in future studies because our
collective could not provide enough ruptured WEB cases.

CONCLUSIONS
Occurrence of the BOSS 1 phenomenon at midterm follow-up is
a common finding in patients treated with the last 2 generations
of the WEB device, showing an association with the initial devia-
tion of the WEB device from the aneurysm axis. Inappropriate
WEB sizing does not typically lead to BOSS 1 phenomenon, but
it is a risk factor for neck or aneurysm recurrence. To further
assess the clinical impact of the BOSS 1 phenomenon, long-term
follow-up DSA examinations will be useful to evaluate potential
correlations among BOSS 1 findings, aneurysm recurrence, and
rebleeding.
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ORIGINAL RESEARCH
HEAD & NECK

Posttreatment Imaging in Patients with Head and Neck
Cancer without Clinical Evidence of Recurrence: Should

Surveillance Imaging Extend Beyond 6 Months?
A. Gore, K. Baugnon, J. Beitler, N.F. Saba, M.R. Patel, X. Wu, B.J. Boyce, and A.H. Aiken

ABSTRACT

BACKGROUND AND PURPOSE: Early detection of residual or recurrent disease is important for effective salvage treatment in
patients with head and neck cancer. Current National Comprehensive Cancer Network guidelines do not recommend standard sur-
veillance imaging beyond 6months unless there are worrisome signs or symptoms on clinical examination and offer vague guide-
lines for imaging of high-risk patients beyond that timeframe. Our goal was to evaluate the frequency of clinically occult
recurrence in patients with head and neck squamous cell carcinoma with positive imaging findings (Neck Imaging Reporting and
Data Systems scores of 2–4), especially after 6months.

MATERIALS AND METHODS: This institutional review board–approved, retrospective data base search queried neck CT reports
with Neck Imaging Reporting and Data Systems scores of 2–4 from June 2014 to March 2018. The electronic medical records were
reviewed to determine outcomes of clinical and radiologic follow-up, including symptoms, physical examination findings, pathologic
correlation, and clinical notes within 3months of imaging.

RESULTS: A total of 255 cases, all with Neck Imaging Reporting and Data Systems scores of 2 or 3, met the inclusion criteria. Fifty-
nine patients (23%) demonstrated recurrence (45 biopsy-proven, 14 based on clinical and imaging progression), and 21 patients (36%)
had clinically occult recurrence (ie, no clinical evidence of disease at the time of the imaging examination). The median overall
time to radiologically detected, clinically occult recurrence was 11.4months from treatment completion.

CONCLUSIONS: Imaging surveillance beyond the first posttreatment baseline study was critical for detecting clinically occult recur-
rent disease in patients with head and neck squamous cell carcinoma. More than one-third of all recurrences were seen in patients
without clinical evidence of disease; and 81% of clinically occult recurrences occurred beyond 6months.

ABBREVIATIONS: CECT ¼ contrast-enhanced CT; HNSCCa ¼ head and neck squamous cell carcinoma; HPV ¼ human papillomavirus; NCCN ¼ National
Comprehensive Cancer Network; NI-RADS ¼ Neck Imaging Reporting and Data Systems

Posttreatment surveillance imaging for head and neck cancer
is complex and challenging. Altered anatomy from surgical

resections, complex reconstructive surgery, and adjuvant radia-
tion frequently define a new radiologic baseline. Despite these
challenges, imaging surveillance plays a critical role in detecting
early submucosal recurrences and is vital to optimizing salvage
therapy.1-3

The Neck Imaging Reporting and Data System (NI-RADS)
was developed to risk-stratify and standardize management rec-
ommendations on the basis of posttreatment imaging findings in
patients with head and neck cancer.4,5 The NI-RADS template
standardizes nomenclature and facilitates unambiguous and uni-
form reporting. Radiologists commit to a discrete level of suspi-
cion that maps to a clear management recommendation to
optimize patient care. The NI-RADS template includes numeric
categories of 0–4 based on index of suspicion for tumor recur-
rence at both the primary and nodal sites. A category of 0
reflects an incomplete examination, usually indicating a base-
line examination or one without a suitable comparison. NI-
RADS category 1 indicates no evidence of recurrence, and these
patients continue routine surveillance. Categories 2 and 3 indi-
cate a positive imaging finding, reflecting low and high suspi-
cion for tumor recurrence, respectively. For patients with NI-
RADS 2, it is recommended that clinicians consider direct visual
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inspection for mucosal abnormalities or PET imaging for deep
abnormalities and subsequent follow-up with earlier imaging
(typically 2–3months instead of 6months). Biopsy considera-
tion is recommended for NI-RADS 3. Category 4 indicates defi-
nite recurrence, established pathologically or by definite
radiologic or clinical progression. A detailed description of NI-
RADS has been published.5

Previous publications have established the frequency of NI-
RADS scores and their positive predictive value for recurrence by
category. Krieger et al3 evaluated 618 targets and found 85.4%
scored as NI-RADS one, 9.4% scored as NI-RADS 2, and 5.2%
scored as NI-RADS 3, with failure rates of 3.79%, 17.2%, and 59.4%
respectively. A recent article by Hsu et al6 looked only at the first
posttreatment examination in 199 patients and found that the rates
of treatment failure increased with each incremental NI-RADS cat-
egory from 1 to 3 (4.3%, 9.1%, and 42%), with a strong association
between the NI-RADS score and treatment failure (hazard ratio ¼
2.6 at the primary site, hazard ratio¼ 5.2 in the neck).

Although many studies have demonstrated increased sensitiv-
ity for detecting disease recurrence with combined FDG-PET/CT,
current evidence-based recommendations are limited in guiding
imaging surveillance in these patients.3,7,8 Wangaryattawanich
et al8 suggested that patients with an incomplete response
(NI-RADS 2) to treatment for head and neck squamous cell carci-
noma (HNSCCa) should undergo more frequent clinical and
imaging surveillance compared with those with a complete
response (NI-RADS 1). Imaging with PET/CT at least 12weeks af-
ter the completion of treatment is generally agreed to be the opti-
mal time for initial posttreatment baseline imaging, though a
recent publication raises the possibility that this baseline imaging
could occur as early as 8weeks after treatment.7,9-12 However,
beyond the first posttreatment examination, there remains wide
variation in clinical practice, imaging surveillance technique (con-
trast-enhanced CT [CECT] alone, PET/CT, PET/CECT, MR
imaging, and so forth), frequency, and duration.

The National Comprehensive Cancer Network (NCCN;
https://www.nccn.org/professionals/physician_gls/default.aspx)
is a comprehensive set of clinical practice guidelines in oncology
that detail sequential management decisions and interventions
and provide recommendations for clinical follow-up. These rec-
ommendations are based on knowledge of current evidence-
based research and consensus-based management. Although the
NCCN recommends posttreatment imaging within 6 months af-
ter treatment, concrete recommendations for a surveillance algo-
rithm beyond this point remain ambiguous in patients with head
and neck cancer due to the lack of consensus data. Currently, the
guidelines state that any further re-imaging beyond 6 months can
be considered on the basis of “worrisome or equivocal signs/
symptoms, smoking history, and areas inaccessible to clinical ex-
amination.” A large percentage of patients with head and neck
malignancies have a smoking history and are susceptible to sub-
mucosal recurrences, nearly all of which are inaccessible or diffi-
cult to discern on clinical examination. Thus, most institutions
and referring providers elect to image asymptomatic patients for
surveillance. Given the limited data and ambiguous guidance, it
is understandable that there is wide variation in clinical practice
for these patients. More concerning is that some providers may

strictly adhere to the concrete recommendations from the NCCN
and only image up to 6months after treatment regardless of
patient risk factors. Even after intent of curative therapy, up to
50% of patients with HNSCCa experience recurrences, most of
which occur well beyond 6months, particularly within the first
2–3 years of treatment.13 To our knowledge, there are no previous
studies to document the frequency of imaging-detected recur-
rence in patients with asymptomatic head and neck cancer.

The purpose of our retrospective study was to evaluate the
incidence of clinically occult recurrences detected by imaging
alone (positive imaging findings, NI-RADS 2–4) in patients
undergoing surveillance imaging at our institution. We also
hypothesized that a considerable portion of clinically occult
recurrences (in patients with NI-RADS 2–4) are detected beyond
the NCCN recommended 6months.

MATERIALS AND METHODS
Patient Selection and Data Collection
A Health Insurance Portability and Accountability Act–com-
pliant, institutional review board–approved retrospective data
base search of radiology reports containing the NI-RADS lexi-
con was performed from June 2014 to March 2018. Head and
neck cancer NI-RADS reports were identified using an institu-
tional data base search software containing a repertoire of dic-
tated NI-RADS template reports. A search of posttreatment
PET/CT and CECT neck soft-tissue reports was conducted
with queries of NI-RADS scores 2, 3, or 4 at either the primary
site or the neck. The output included the total number of
reports that used the NI-RADS-structured reporting system
and had a suspicious finding scored with NI-RADS 2–4 in the
impression section of the radiology report.

Inclusion criteria were the following: 1) patients with
HNSCCa who had undergone definitive treatment; 2) patients
who underwent a clinical examination by either otolaryngology,
radiation oncology, or medical oncology within 3months of
imaging; and 3) continued imaging and clinical follow-up of NI-
RADS 2–4 lesions or biopsy of the imaging abnormality.
Exclusion criteria included patients who already had a biopsy-
proven recurrence (local, regional, or distant) before the imaging
examination.

By definition, NI-RADS 1 category denotes negative findings
on an imaging examination, with “no radiologic evidence of re-
currence.” Therefore, any recurrence in this category would be
radiographically occult. Thus, patients with NI-RADS 1 were not
queried in the current study. NI-RADS 4 category represents “de-
finitive recurrence,” strictly applied at our institution to biopsy-
proven recurrence or clear clinical and radiographic progression,
so patients are, by definition, symptomatic in the vast majority of
people.

Clinical evidence of disease recurrence was defined by any
clinical examination finding or symptom within the clinical note
that raised concern for recurrence. Examples of suspicious clini-
cal examination findings included new palpable abnormalities on
physical examination or a finding deemed suspicious by Ear,
Nose, and Throat physicians on office-based flexible fiber optic
endoscopy. Common clinical symptoms related to treatment or
expected sequelae of postradiation changes, including thickening
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of the skin and platysma, radiation mucositis, and thickening of
the laryngeal structures/laryngeal edema, were not classified as
“clinical suspicion of recurrence.” Patients without worrisome
symptoms or physical examination findings to indicate recur-
rence were deemed to have clinically occult recurrence.

Image Interpretation
All posttreatment PET/CECT and CECT scans were interpreted
using the NI-RADS template by 1 of 4 head and neck–trained
neuroradiologists (31, 16, 11, and 10 years of experience), whose
interobserver agreement was previously shown to be 0.821.3 For
each patient, both the primary site and neck were assigned a sepa-
rate NI-RADS category of either 1, 2, 3, or 4, and all NI-RADS 2
subcategories (2a and 2b) were recorded as a category 2, because
the level of suspicion is the same. Interpreting radiologists
reviewed prior clinical history, physical examination, and endo-
scopic notes and compared baseline imaging, including pretreat-
ment FDG avidity, when available.

Surveillance Protocol
The imaging surveillance algorithm for patients with head and
neck malignancy used at our institution mirrors the algorithm
published in the American College of Radiology White Paper.5

Three months following completion of definitive therapy (sur-
gery and radiation and/or chemotherapy; chemoradiation ther-
apy), patients undergo a whole-body PET/CT and a neck CECT.
If the patient continues to demonstrate no clinical evidence of
disease recurrence, he or she continues to be imaged every 6
months for 1 year with a CECT of the neck followed by another
CECT of the neck 1 year thereafter. At any point during this algo-
rithm, if there is suspicion of recurrence, the patient may undergo
PET/CT imaging as well. At our institution, PET/CT imaging fol-
lows a standard protocol, and images are acquired on Discovery
600 and 690 PET/CT scanners (GE Healthcare). Patients fast for
6 hours before injection of 10–14 mCi of FDG. For patients with
a blood glucose level of $200mg/dL, imaging is deferred due to
the altered biodistribution of FDG. PET/CT images are acquired
from the skull vertex to the midthighs 1 hour after injection of
FDG. In addition, a CECT of the neck with the arms down is per-
formed after the PET/CT using a split-bolus technique with
55mL injected at 2.5mL/s, followed by a 40-second delay and
another 55mL at the same rate, with a total scan delay of
90 seconds. Axial images are acquired from the frontal sinuses to
the mediastinum at 1.25-mm section thickness (pitch, 0.984:1;
gantry rotation, 0.7 seconds; FOV, 25 cm; 120 kV[peak]; and
smart milliampere with a noise index of 13.78). Reformatted
images are reconstructed at 2.5-mm thickness in the axial planes
and 3 mm in the sagittal and coronal planes.

Statistics
Descriptive statistics were performed to assess the frequency of
clinically occult HNSCCa recurrences in patients with NI-RADS
scores of 2 or 3.

RESULTS
Our data base search yielded a total of 404 unique cases. One
hundred forty-nine of these cases were excluded because they

either did not have HNSCCa, did not strictly adhere to the NI-
RADS template, had no clinical follow-up within 3months of
imaging, had biopsy-proven recurrence before imaging (all 38 of
NI-RADS 4 cases), or did not have follow-up of NI-RADS 2 or 3
lesions or biopsy of the imaging abnormality. A total of 255 cases
with NI-RADS scores of 2 (n ¼ 197) or 3 (n ¼ 58) met the inclu-
sion criteria (Fig 1). The 38 patients with NI-RADS 4 had either
biopsy-proven locoregional (n ¼ 33) recurrence or distant recur-
rence (n ¼ 5) before obtaining a NI-RADS 4 on imaging.
Therefore, these patients were excluded. Most of these patients
were undergoing imaging to assess a response to chemotherapy
in the setting of unsalvageable recurrence or distant metastasis or
were on a clinical trial.

A total of 59 patients (n¼ 23, NI-RADS 2; n¼ 36, NI-RADS
3) (23%) had disease recurrence (45 biopsy-proven, 14 based on
imaging progression on follow-up examination and clinical pro-
gression), with 17 recurrences diagnosed at ,6 months, 16
recurrences between 6 and 12 months, 6 recurrences between
12 and 18 months, and 20 after 18months. The biopsy-proven
recurrences (n ¼ 45) included 28 NI-RADS 3 and 17 NI-RADS

FIG 1. Flowchart demonstrating patient selection criteria and
recurrences.
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2 recurrences. The recurrences based on imaging and clinical
progression (n =14) included 8 NI-RADS 3 and 6 NI-RADS 2.
Twenty-one (36%; eight NI-RADS 2 and 13 NI-RADS 3)
patients with recurrence did not demonstrate clinical signs or
symptoms at the time of recurrence diagnosis. Although our
inclusion criteria required a clinical examination within
3months of the index imaging examination, many were exam-
ined on the same day, with a mean time between clinical exami-
nation and the time of index imaging of only 11.3 days (range,
0–88 days). The Table and On-line Table summarize the demo-
graphics, T-staging, human papillomavirus (HPV) status, smok-
ing history, and treatment of our study sample.

Of all clinically occult recurrences, 38% had a NI-RADS score
of 2 and 62% had a score of 3. Seventeen of these recurrences
occurred at the primary site (14 submucosal and 3 mucosal), and
7 occurred within the lymph nodes. Time to recurrence was
defined as the number of months from treatment to biopsy-
proven recurrence (n ¼ 45) or definitive clinical and imaging
progression (n ¼ 14). The median time to clinically occult recur-
rence was 16.5 6 5.9months for NI-RADS 2 (range, 6.3–58.2
months, with outliers excluded) and 9.7 6 10.9 months for
patients with NI-RADS 3 (range, 3–107.9months, with outliers
excluded) (Fig 2). The combined median time to clinically occult
recurrence was 11.4months. Of all patients with clinically occult
recurrence, 6 (29%) patients underwent surgical salvage, 10 (47%)
were treated with re-irradiation and chemotherapy, 2 (10%)
patients opted for hospice care and were not candidates for sal-
vage surgery, and 3 (14%) patients sought salvage treatment at
outside institutions. Examples of patients with clinically occult
recurrences are shown in Figs 3 and 4.

DISCUSSION
HNSCCa is an aggressive malignancy with only about 50% of
patients receiving an initial cure. Depending on the subsite of tu-
mor and treatment, studies have demonstrated a wide range of
recurrence from 22% to 86%.14-16 We report a 23% recurrence
rate (59 patients of 255) in our heterogeneous cohort.

Early identification of recurrence is critical for optimizing sal-
vage therapy in attempts to improve survival and functional out-
comes. The data regarding the exact relationship between early
identification of recurrence and outcome are limited, especially
the role of imaging to detect recurrences earlier than the clinical
examination. To our knowledge, there are no data regarding the
frequency of imaging-detected recurrences in asymptomatic
patients, how much earlier imaging can detect recurrences, or the
effect on outcome. This study is directed at answering the first
question regarding the frequency of imaging-detected recurrence
in asymptomatic patients. Although imaging surveillance in
patients with HNSCCa is a common clinical practice, the tech-
nique, exact timing, and duration remains variable and inconsis-
tent due to lack of data and guidelines. The NCCN only
recommends surveillance imaging within the first 6months, with
no concrete recommendation beyond this period, despite many
patients with head and neck carcinoma having a smoking history
and recurrences often being submucosal. Previous studies have
shown that the highest risk of recurrence occurs in the first 2
years after treatment.1,17,18 At our institution, asymptomatic
patients follow the imaging surveillance recommendations out-
lined in the American College of Radiology NI-RADS White
Paper, namely PET/CECT at 3months followed by CECT at
6-month intervals �2 and then CECT of the neck at 1-year

Patient demographics

NI-RADS Score
No. of
Cases Sex

Mean
Age (yr)

Smoking
History

Subsite of
Primary Tumor T-Stage HPV Status Recurrences

NI-RADS 2 197 62 F
135 M

64 75.6% (149) Oral cavity (73)
Oropharynx (48)
Hypopharynx (18)
Larynx (49)
Nasopharynx (7)
Unknown (2)

T1 (35)
T2 (35)
T3 (32)
T4 (10)
T4a (56)
T4b (9)
Unknown (20)

32 (1)
9 (�)
2 Unknown

Total: 23 (8 clinically
occult recurrences)

17 Biopsy-proved
6 Imaging and
clinical progression

NI-RADS 3 58 17 F
41 M

63 75.9% (44) Oral cavity (28)
Oropharynx (17)
Hypopharynx (4)
Larynx (8)
Nasopharynx (1)

T1 (4)
T2 (14)
T3 (5)
T4 (8)
T4a (17)
T4b (6)
Unknown (4)

0 (1)
1 (�)
1 Unknown

Total: 36 (13 clinically
occult recurrences)

28 Biopsy-proved
8 Imaging and
clinical progression

NI-RADS 4 38 10 F
28 M

63.4 71.1% (27) Oral cavity (8)
Oropharynx (16)
Hypopharynx (2)
Larynx (11)
Nasopharynx (1)

T1 (4)
T2 (7)
T3 (6)
T4 (1)
T4a (15)
T4b (1)
Unknown (4)

8 (1)
4 (�)
1 Unknown

All patients excluded

33 Biopsy-proved
recurrence

5 Imaging and clinical
progression

Total (276 CECT,
17 PET/CECT)

293 89 F
204 M

63.5 75.1% (220) Oral cavity (109)
Oropharynx (81)
Hypopharynx (24)
Larynx (68)
Nasopharynx (9)
Unknown (2)

T1 (43)
T2 (56)
T3 (43)
T4 (19)
T4a (88)
T4b (16)
Unknown (28)

40 (1)
14 (�)
4 Unknown

59 NI-RADS 2 and 3
38 NI-RADS 4
(excluded)
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intervals for 2 years in most patients. MR imaging surveillance is
used for most sinonasal tumors, skull base tumors, salivary neo-
plasms, and any tumors with intracranial or intraorbital exten-
sion. Because our institution has a robust standard imaging
algorithm for almost all advanced-stage HNSCCas using CECT
and PET/CECT, we elected to study this cohort.

Imaging detected more than one-third of cases before clini-
cal examination: Approximately 36% of patients (21 of 59
recurrences) with proven recurrence had no clinical evidence
of recurrent disease, and the recurrence was detected by

imaging alone (8 scored NI-RADS 2
and 13 scored NI-RADS 3). Our
study demonstrates that imaging
detected recurrence earlier than clin-
ical examination in more than one-
third of patients. There has been a
growing number of studies assessing
the value of [18F] FDG-PET/CT in
posttreatment surveillance imaging,
with many authors arguing that rou-
tine follow-up is critical,7,9,10,12,19

and some have even gone further to
suggest site-specific recommenda-
tions.20,21 One can hypothesize that
imaging surveillance may be espe-
cially important in patients with
asymptomatic locoregional recur-
rences that may be salvageable,
improving disease-free survival.22

Imaging detected subclinical recur-
rences beyond 6months in most
patients: Our standardized surveil-
lance algorithm enabled detection of
recurrences beyond 6months and
earlier than clinical examination/
symptoms in 81% of asymptomatic
patients (17 of 21), though we do not
have data regarding the effect on out-
come. This data, revealing a notewor-
thy number of clinically occult
recurrences with a large percentage
occurring beyond 6 months, would
argue in favor of a more robust sur-
veillance algorithm beyond the post-
treatment baseline examination
recommended by the NCCN guide-
lines. The exact frequency and dura-
tion can likely be tailored on the basis
of the initial stage, HPV status, smok-
ing history, and so forth and is an im-
portant area for future study. A study
by Abidi et al23 demonstrated a lower
frequency of subclinical recurrences
with FDG-PET/CT in 8% of surveyed
patients between 8 and 36months.
Some studies have also demon-
strated improved survival outcomes

with earlier detection of recurrences beyond the first
6months.5,24,25 For example, Wong et al24 demonstrated that
the overall 5-year tumor-free survival following surgical sal-
vage was 26%, whereas those patients with late detection or
those whose disease was not considered salvageable either via
surgery, radiation therapy, or chemotherapy only achieved a
mean survival of 7 months. Imaging is critical for identifying early
disease recurrence, which often occurs beyond 6months and can
be seen in patients without worrisome clinical and physical exami-
nation findings.

FIG 2. The median time to recurrence was 16.56 5.9months for NI-RADS 2 (range, 6.3–58.2
months, with outliers excluded) and 9.76 10.9months for NI-RADS 3 (range, 3–107.9months, with
outliers excluded). There are 2 outliers (not shown in figure) with values of 58.2months for NI-
RADS-2 and 107.9months for NI-RADS 3.

FIG 3. A, A 53-year-old man with a history of T2N0M0 left-tongue squamous cell carci-
noma status post left hemiglossectomy and flap reconstruction. Surveillance imaging dem-
onstrates a new hypoattenuating mass within the left floor of the mouth along the flap
margin (B), with corresponding hypermetabolism on PET/CT (C). On clinical examination,
no oropharyngeal narrowing, bulge, or ulcerations were detected. The patient did not
have worrisome clinical symptoms suspicious for clinical recurrence. This new mass was
clinically occult and biopsy-proved recurrent disease. Recurrence was detected 15 months
posttreatment.
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Treatment Options for Recurrences
The concept that earlier detection of recurrence in asymptomatic
patients yields a survival benefit is controversial and needs further
study; some authors have shown a survival benefit,20,26 whereas
others have not.27-31 Although this study was not designed or
powered to assess outcome or survival, we retrospectively investi-
gated treatment options used for our recurrences. In our study, 6
patients (29%) with clinically occult recurrence underwent sal-
vage surgery (n ¼ 4, NI-RADS 2; and n ¼ 2. NI-RADS 3) with
curative intent. One (5%) patient with NI-RADS 3 underwent
chemoradiation with curative intent, while the remaining patients
with clinically occult recurrence received palliative care (with 1
patient forgoing surgical salvage with curative intent). In patients
who had symptomatic recurrence, 24% (n ¼ 9) underwent sal-
vage surgery with curative intent.

When we compared the 2 scenarios, 29% (n ¼ 6) of our
patients with clinically occult recurrence were able to undergo
successful surgical salvage compared with 24% (n¼ 9) of patients
with symptomatic recurrence. For patients with locoregional re-
currence in addition to distant metastases, treatment was pri-
marily palliative. A total of 3 patients with symptomatic
recurrence declined further treatment: Two decided on hospice
care, and one was unable to undergo treatment due to a life-
threatening infection. Ten patients were treated with re-irradia-
tion and chemotherapy in both groups. Although this study was
not designed to determine survival benefit or the effect on
treatment options of early imaging detection, the authors
believe that they are very important questions and would be
the next step for optimizing surveillance.

Mucosal Recurrence
In addition to identifying asymptomatic submucosal recurrences,
our study also identified 2 asymptomatic mucosal recurrences

(albeit, one with nodal involvement as
well). One patient was examined at an
outside facility 30 days prior to imag-
ing without an endoscopy report, and
the other demonstrated recurrence in
the oropharynx in addition to node
involvement. In these 2 patients, the
clinical examination was an average of
14 days before the imaging examina-
tion. Just as posttreatment imaging is
complicated in the patient with post-
treatment head and neck cancer, the
mucosal examination can be difficult,
especially in the radiated larynx.
Although typically the clinical exam is
the workhorse for detecting mucosal
recurrences and imaging for submu-
cosal recurrences, perhaps unexpect-
edly, imaging can also play a role in
detecting asymptomatic mucosal
recurrences. The complex post radi-
ated mucosa can make the clinical
exam difficult, and imaging can help
to direct the clinical exam for added

sensitivity in some cases.

Limitations
The primary limitations of our study were the retrospective
design, a heterogeneous population with a mixture of stages and
subsites, and sample size. The primary aim of our article was to
show that a standardized imaging surveillance algorithm resulted
in earlier detection, with the logical next question being whether
earlier detection would result in different treatment options for
the patient and/or survival benefits. Our study was not designed
to answer these questions, predominately due to its retrospective
nature without a control group and a heterogeneous cohort with
mixed subsites, stages, HPV status, and risk factors such as smok-
ing history. At our institution, all patients undergo standard sur-
veillance imaging; thus, we do not have access to a cohort of
asymptomatic patients followed by clinical examination alone for
comparison. Intuitively, those patients for whom early imaging
detection of disease recurrence offers more options for surgical
salvage should have better prognoses than those whose recur-
rences are detected after involving vital structures like the carotid
artery, skull base, or prevertebral musculature. We believe this is
a critical question but very difficult to design a prospective study
for because most HNSCCas do undergo some form of surveil-
lance imaging in asymptomatic patients, albeit nonstandardized.
This study also followed patients only to determine the presence
of disease either by biopsy or progression or the absence of dis-
ease by resolution of abnormal findings on imaging on subse-
quent follow-up. A long-term follow-up of this cohort would be
needed to assess whether earlier radiographic detection translates
into better outcomes and improved survival. Our study was also
underpowered for subset analysis to extrapolate whether certain
patient groups (eg, higher tumor stage, smoking history, HPV
status, subsite, and so forth) should warrant more frequent

FIG 4. A 62-year-old-man with pT4aN2b HPV-negative squamous cell carcinoma of the left base
of the tongue with extension into the floor of mouth and inferiorly to the hypopharynx (partially
visualized in A). Surgically, the patient underwent total glossectomy and laryngectomy with a left
anterolateral thigh flap reconstruction of the pharynx and base of the tongue. B, An enhancing
1.4-cm nodule with central cystic change in the right floor of the mouth along the margin of the
flap. On clinical examination, no mucosal masses, bulges, or suspicious ulcerations were detected.
The patient did not have worrisome clinical symptoms to suspect clinical recurrence. This new
mass along the flap margin demonstrated marked FDG avidity on PET/CT (C) and was biopsy-
proved recurrence. Recurrence was detected 9months posttreatment.
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surveillance. We believe that this is an important next question
for future larger, multi-institutional studies.

CONCLUSIONS
Imaging surveillance beyond the first posttreatment baseline study
was critical for earlier detection of recurrent disease. More than
one-third of all imaging-detected recurrences were seen in patients
with no clinical evidence of disease. Most of these recurrences
occurred beyond 6months from the end of treatment. These find-
ings underscore the importance of extendimg the current NCCN
guidelines of imaging surveillance beyond the first 6months of
treatment. Further study is warranted to determine which patients
would benefit most from asymptomatic imaging surveillance.

Disclosures: Mihir R. Patel—UNRELATED: Travel/Accommodations/Meeting
Expenses Unrelated to Activities Listed: Intuitive Surgical.
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ORIGINAL RESEARCH
HEAD & NECK

Comparison of Intraoperative Sonography and
Histopathologic Evaluation of Tumor Thickness and Depth of

Invasion in Oral Tongue Cancer: A Pilot Study
B.C. Yoon, M.D. Bulbul, P.M. Sadow, W.C. Faquin, H.D. Curtin, M.A. Varvares, and A.F. Juliano

ABSTRACT

BACKGROUND AND PURPOSE: For primary squamous cell carcinoma of the oral tongue, accurate assessment of tumor thickness and
depth of invasion is critical for staging and operative management. Currently, typical imaging modalities used for preoperative staging
are CT and MR imaging. Intraoperatively, CT or MR imaging cannot provide real-time guidance, and assessment by manual palpation is
limited in precision. We investigated whether intraoperative sonography is a feasible technique for assessment of tumor thickness and
depth of invasion and validated its accuracy by comparing it with histopathologic evaluation of the resected specimen.

MATERIALS AND METHODS: Twenty-six patients with squamous cell carcinoma of the oral tongue who underwent tumor resection
by a single surgeon between March 31, 2016, and April 26, 2019, were prospectively identified. Intraoperative sonography was
obtained in planes longitudinal and transverse to the long axis of the tumor. Twenty-two patients had archived images that
allowed measurements of tumor thickness and depth of invasion sonographically. Two patients had dysplasia and were excluded.
The remaining 20 patients had histologic tumor thickness and histologic depth of invasion measured by a single pathologist.

RESULTS: The mean sonographic tumor thickness was 7.5 6 3.5mm, and the mean histologic tumor thickness was 7.0 6 4.2mm.
Mean sonographic depth of invasion and histologic depth of invasion were 6.6 6 3.4 and 6.4 6 4.4mm, respectively. There was
excellent correlation between sonographic and histologic measurements for both tumor thickness and depth of invasion with
Pearson correlation coefficients of 0.95 (95% CI, 0.87–0.98) and 0.95 (95% CI, 0.87–0.98), respectively.

CONCLUSIONS: Intraoperative sonography can provide reliable, real-time assessment of the extent of tongue tumors.

ABBREVIATIONS: DOI ¼ depth of invasion; OTSCC ¼ oral tongue squamous cell carcinoma; TT ¼ tumor thickness; uDOI ¼ ultrasound-derived depth of
invasion; US ¼ sonography; uTT ¼ ultrasound-derived tumor thickness

The recently updated, eighth edition of the Cancer Staging
Manual of the American Joint Committee on Cancer incor-

porates the depth of invasion (DOI) of oral cavity cancers as an
independent prognostic factor, in addition to tumor thickness
(TT).1 Preoperative CT and MR imaging have been shown to
delineate TT and DOI with good correlation to pathologically
determined TT and DOI for lesions of .5mm.2,3 However, the
ability to perform intraoperative real-time assessment of tumor
thickness and DOI as well as deep margin extent remains limited.
Currently, manual palpation is the mainstay technique for tumor

evaluation during an operation in attempting to achieve the goal
of a gross 1-cm clearance at all margins with a goal of 0.5-cm mi-
croscopic clearance on permanently fixed tissue.4 Although man-
ual palpation may be adequate for determination of the more
superficial, mucosal extent of a tumor, it is limited for precise
assessment of the deep margin and the border between involved
tissue and normal/healthy tissue. Furthermore, the current crite-
rion standard for TT and DOI is histologic evaluation, which can
only be performed after the tumor has been resected.

Sonography (US) is being increasingly recognized as a valua-
ble tool in the assessment of intraoral tumor extent.3,5 For
instance, a recent study demonstrated that intraoperative sonog-
raphy can be used for adequate demarcation of the deep-resection
margins for tongue cancers.6 In this study, we extend the previ-
ous findings to determine the accuracy of intraoperative sonogra-
phy in assessing TT (uTT) and DOI (uDOI) of oral tongue
squamous cell carcinomas (OTSCC), comparing them with the
criterion standard postexcision, histopathologically assessed TT
and DOI.
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MATERIALS AND METHODS
Study Design
Patients with previously untreated OTSCC were prospectively
identified. They underwent tumor resection under US guidance
by a single surgeon between March 31, 2016, and April 26, 2019.
All US was performed by a single head and neck radiologist along
with the surgeon and an US technologist. Patient data were
obtained from medical records, including age, sex, and histologic
tumor stage. This study was approved by the institutional review
board of Massachusetts Eye and Ear.

Surgical Resection with Intraoperative Sonographic
Guidance
Each patient was placed under general anesthesia. Good exposure
was gained of the oral cavity by gentle retraction of the lips and
oral commissures. Visual inspection and manual palpation of the
tongue tumor was performed to identify tumor location and esti-
mate tumor extent.

Intraoperative US was performed before, during, and following
tumor resection using a broadband compact linear array trans-
ducer (L15-7io; Philips Healthcare). The US transducer was
sheathed with a sterile probe cover, with US gel placed inside the
probe cover against the transducer end. Copious sonography gel
was applied to the oral tongue on top of the tumor. The probe was
then placed on the gel/tumor by the radiologist, and the tumor was

imaged. Compared with the normal tongue (Fig 1), the tumor is
abnormally hypoechoic and distorts the normal tongue architec-
ture (Fig 2). Extra care was taken to rest the probe gently on the gel
without applying undue pressure on the tumor, to prevent external
forces from the probe compressing and thereby potentially distort-
ing and artificially altering the measured uTT and uDOI (Fig 3).
Real-time scanning of the tumor was performed in all directions,
to gain an understanding of tumor size, extent, morphology, and
contour both at the superficial and deep margins. Using B-mode
and Doppler sonography, we obtained still images and cine video
clips in planes longitudinal and transverse to the long axis of the
tumor, with the transducer oriented perpendicular to the deepest
portion of the tumor. Still images of representative landmark loca-
tions demonstrating uTT and uDOI were obtained.

Partial glossectomy then commenced, with the surgeon bear-
ing in mind the attendant trajectory needed to produce approxi-
mately 1.0 cm of gross deep margin clearance.6 One-third to one-
half of the way through tumor extirpation, the surgeon paused
and gray-scale and Doppler US was again performed to evaluate
the deep margin of resection along with inspection and palpation
(Fig 3E). The tumor and resection trajectory were noted, and the
margin of clearance between the tumor and cut edge was noted
and measured at various points along the trajectory.

Resection then resumed, with the surgeon modifying the resec-
tion trajectory as needed on the basis of the clearance margin

FIG 1. Gray-scale sonographic images of the normal oral tongue (A–C). Normal muscle striations can be seen in the paramedian oral tongue
(A, sagittal) and in the midline dorsum of the tongue (B, transverse). Note that in the midline, the median fibrous septum is discernable as an
echogenic line (arrow in B). At the lateral edge of the oral tongue, the parenchyma is mildly heterogeneous and hyperechoic (C, sagittal). D,
Doppler sonography image of the lateral oral tongue shows fairly even distribution of blood flow throughout the parenchyma.
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noted. Following complete tumor extirpation, sonography was per-
formed for a third time, this time on the resected surgical specimen
(Fig 3F). Scanning in all directions was performed, cine video
images were obtained in longitudinal and transverse planes, and
still images were acquired at representative locations, with special
attention paid to the interface between tumor tissue and healthy
tissue and the margin of clearance between that interface and the
resected surface. The surgical specimen was then taken to the fro-
zen section laboratory and examined by both the surgeon and the
attending pathologist (see below).

Imaging Analysis
Measurements of uTT and uDOI from intraoperative sonography
images were made by 2 neuroradiologists, one with 15 years of
neuro-/head and neck radiology experience (A.F.J.) and the other
with 6 years of neuro-/head and neck radiology experience
(B.C.Y.). Images were displayed on the PACS. The uTT was
measured from the superficial surface of the tumor to the deepest
point of tumor invasion (Fig 4), following a path that is perpendic-
ular to the tongue surface. The uDOI was measured from the level
of projected normal mucosal surface7/basement membrane adja-
cent to the tumor to the deepest point of tumor invasion (Fig 4),
along a path perpendicular to the tongue surface. Consensus meas-
urements were used for analysis.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism soft-
ware (Version 8; GraphPad Software). The Pearson correlation
was used to determine the correlation between the sonographic
and histopathologic assessments.

Intraoperative and Postoperative Tissue Analysis
Histopathologic analysis on the resected specimen was performed
in 2 stages: measurements made by gross and microscopic evalua-
tion intraoperatively, including selected frozen sections of the
specimen, as is routine for surgery, and routine gross and histo-
pathologic analyses postoperatively.

In the frozen section laboratory, the specimen was oriented by
the surgeon along with the head and neck pathologist (P.M.S.).
Gross measurements of the resection specimen were made along
with gross measurements of the tumor to the closest surgical mar-
gins, leaving the oriented specimen largely intact for further pro-
section following fixation in formalin. After gross measurements
of the tumor distance to the surgical margins (in centimeters or
millimeters) were recorded, the closest margins to the tumor (on
the main specimen), up to 6, were taken directly from the speci-
men, with a perpendicular (radial) section made to approximate
the closest distance of tumor to the true surgical resection edge.
This tissue was frozen in optimal cutting temperature compound

FIG 2. A, Axial contrast-enhanced CT image through the oral tongue is degraded by streak artifacts from metallic dental amalgam; the known
right lateral oral tongue cancer cannot be appreciated. B, Re-angled contrast-enhanced CT image scanned at a tilted angle to avoid streak arti-
facts shows an area of subtle heterogeneous enhancement (arrow), likely representing the tumor. C, Coronal reformatted CT image shows the
area (arrow) appearing relatively subtle and ill-defined. D, Intraoperative gray-scale sonography image shows an area of lobulated hypoechoge-
nicity representing the tumor (arrows). The sonography probe was sheathed in a sterile probe cover (arrowhead), with sonography gel on either
side of it (asterisks). Note how the probe was suspended lightly on the gel against the tongue to avoid distorting the natural contour of the tu-
mor. E, Intraoperative gray-scale sonography image shows an endophytic ulcerated area of the tumor (marked by calipers). Sonography gel
(arrow) coats the tongue in a thick layer, enabling visualization of the natural contour of the tumor.
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with a 4-mm section cut using a cryostat. The tissue section, placed
on positively charged glass slides, was fixed in ethanol and stained
with hematoxylin-eosin for intraoperative histologic review.
Distance to the surgical margins was measured microscopically
using a professional light microscope (Olympus BX51 microscope
with Olympus DP27 camera). Following intraoperative evaluation
of surgical margins, the tissue (main specimen) was placed in for-
malin preservative and fixed for permanent processing and histo-
logic review. The frozen “margin” remnant tissue was transferred
to cassettes for formalin fixation (the optimal cutting temperature
compound is water/formalin soluble) and re-analyzed on perma-
nent section following proper fixation and paraffin embedding.

RESULTS
A total of 26 patients with OTSCC were included in this series.
Among this cohort, 22 patients had archived images in the PACS
that allowed measurements to be made sonographically (uTT,

uDOI). Two patients had dysplasia and were excluded. Of the
remaining 20 patients, all had both histopathologic TT and DOI
measured by a single pathologist (Table).

The mean uTT was 7.5 6 3.5mm, and the mean histopatho-
logic TT was 7.0 6 4.2mm. The mean uDOI and histopathologic
DOI were 6.6 6 3.4 mm and 6.4 6 4.4mm, respectively. There
was a strong correlation between sonographic and histologic
measurements for both TT and DOI with Pearson correlation
coefficients of 0.95 (95% CI, 0.87–0.98) and 0.95 (95% CI, 0.87–
0.98), respectively (Fig 5).

DISCUSSION
Sonographic imaging of the tongue tumor, surrounding tissues,
and interface between tumor and normal tissue was successfully
performed intraoperatively in all cases without adverse events. A
strong correlation was observed between sonographic and histo-
pathologic measurements of both TT and DOI.

FIG 3. Axial (A) and coronal (B) contrast-enhanced CT images show the enhancing right lateral tongue tumor (arrows in A and B). However, it is
difficult to appreciate on these images whether there may be exophytic or endophytic components that may render DOI different from TT. C,
Intraoperative gray-scale sonography image obtained at the edge of the tumor demonstrates the exophytic nature of the tumor at that site.
Rulers show measurements taken for uDOI (on the left) and uTT (on the right). D, The arrows denote the deep margin of the tumor. E,
Intraoperative sonography image obtained during resection but before complete extirpation. Air can be seen at the resected interface as an
echogenic line (arrow). Calipers show the margin of clearance between tumor and resection plane. F, Intraoperative sonography image obtained
following complete extirpation of tumor. Air is seen throughout the resected edge (arrows). Calipers demarcate the tumor. Special attention
was paid to ensure that the resection margins were free of tumor.

FIG 4. A, Schematic representation of tumor thickness and depth of invasion. B, Representative, intraoperative sonography image of a tongue
squamous cell carcinoma. The lesion is seen as a circumscribed, hypoechoic mass (asterisk). Scale bar¼ 1cm.
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Intraoperative US has been shown to be critically helpful in the
guidance of tumor resection in various parts of the body.8 Real-
time sonography performed immediately before and during surgi-
cal resection can help to inform the resection trajectory by dem-
onstrating the tumor and illustrating exophytic or endophytic
components, as well as the surrounding uninvolved tissue, clear-
ance margin between tumor and resection surface, vessels, and so
forth. With real-time sonography, the surgeon can be reassured
that the resection trajectory (for the purpose of tumor clearance)
is adequate and optimal, or can be alerted to the need to modify
the resection trajectory (for the purpose of organ preservation) to
balance the need for adequate tumor margins and preservation of
the maximal amount of uninvolved tissue. This assurance is par-
ticularly critical for a small-but-functionally-critical organ such as
the oral tongue, vital for speech, swallowing, food intake, and air-
way preservation. In this study, we have shown that sonography
has good accuracy in determining the TT and DOI of oral tongue
masses, ensuring that it is a reliable method for surgical guidance.

One of the limitations of sonography is the variability in
image acquisition between different lesions and different

operators. In this series, for instance,
the initial several cases were per-
formed with the transducer placed
directly over and applying pressure to
the tumor, which effectively com-
presses the lesion and possibly under-
estimates the TT. With increasing
experience and awareness of this issue
and with the need to ensure that we
distinguish exophytic from endophytic
portions of the tumor, we began to
apply a thick layer of sonography gel
on the tumor and suspend the trans-
ducer within the gel without pressure
on the tumor, thus avoiding distortion

of tumor configuration. Of note, histopathologic assessment can
also be affected by distortion during resection and histologic
preparation, including, among other mechanical distortions, tis-
sue-retraction artifacts.

No substantial increase in operative time was observed in this
series, though there remains a potential for prolonging the opera-
tive time depending on the availability of equipment and/or exper-
tise of the sonographer at each facility/institution. Although the
tumor margins were relatively well-defined in the current series,
they may be more obscured depending on the tumor histology
and/or transducer types. In addition, if the tumor shape is irregu-
lar, then measurements may be subject to variability depending on
which point and path is selected for measuring purposes; however,
this is the case for both sonography and frozen section evaluation.

CONCLUSIONS
This pilot study demonstrates that intraoperative sonography can
provide objective, real-time assessment of TT and DOI with excel-
lent correlation with histologic evaluation. This information is
extremely helpful intraoperatively, allowing (1) resection with clear

Patient characteristics

Patient No. Age (yr) Sex
uTT
(mm)

hTT
(mm)

uDOI
(mm)

hDOI
(mm)

Lymphovascular
Invasion

Perineural
Invasion

Nodal
Metastasis

1 75 F 5 5 5 5 No No No
2 70 F 9 9 9 9 No Yes No
3 44 M 4 5 4 3 No No No
4 81 M 7 5 7 5 No No No
5 66 M 4 2.5 3 2.5 No No NA
6 29 F 6.5 4 6.5 4 No No NA
7 53 F 7 6 3 2 No Yes No
8 27 M 8 9 8 9 Indeterminate Yes No
9 75 F 3 2 3 1 No No NA
10 61 M 5 4 3 4 No No No
11 61 M 10 10 9 7 No No No
12 46 M 15 13 10 13 No Yes No
13 46 M 8.5 10 8.5 9 No Yes Yes
14 65 M 8 7 8 7 No Yes No
15 57 M 14 15 14 15 No No Yes
16 65 M 3 2 3 1.5 No No No
17 76 F 8 8 6 8 No No No
18 78 M 13 16 13 16 Yes Yes No
19 82 M 7 5 6 5 No Yes No
20 50 F 4 3 3 2.5 No No NA

Note:—hTT indicates histologic tumor thickness; hDOI, histologic depth of invasion; NA, not applicable.

FIG 5. A, Correlation between sonography and histologic tumor thickness measurements (r ¼
Pearson coefficient; n¼ 20). B, Correlation between sonography and histologic depth of invasion
measurements (r¼ Pearson coefficient; n¼ 20).
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margins upfront, important since positive margins cannot be re-
vised in second surgeries to a level of disease control of that of an
initially negative resection margin;9-11 (2) choice of elective neck
dissection to be performed in a clinically N0 neck (advisable at a
threshold of 4 mm DOI) in the same surgical episode. It also pro-
vides accurate staging information for multidisciplinary manage-
ment of the patient going forward. Additional work is needed to
confirm the high level of correlation between sonographic and his-
tologic measurements of TT and DOI and to deploy the use of
ultrasound more widely in the care of patients with oral cancer.

Disclosures: William C. Faquin—UNRELATED: Board Membership: American
Cancer Society, Comments: Editor-in-Chief for Cancer Cytopathology; Expert
Testimony: medicolegal firms, Comments: rare expert testimony for medicolegal
cases unrelated to this article.
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ORIGINAL RESEARCH
HEAD & NECK

Prevalence of Sigmoid Sinus Dehiscence and Diverticulum
among Adults with Skull Base Cephaloceles

H. Sotoudeh, G. Elsayed, S. Ghandili, O. Shafaat, J.D. Bernstock, G. Chagoya, T. Atchley,
P. Talati, D. Segar, S. Gupta, and A. Singhal

ABSTRACT

BACKGROUND AND PURPOSE: Cephaloceles are relatively rare conditions caused by a congenital and/or acquired skull defect.
The incidence of associated venous brain anomalies with regard to cephaloceles remains to be fully elucidated. Accordingly, we
sought to assess the prevalence of sigmoid sinus dehiscence and diverticula in patients with spontaneous skull base cephaloceles.

MATERIALS AND METHODS: Our institutional data base was retrospectively queried from 2005 to 2018. Patients in whom sponta-
neous skull base cephaloceles were identified were ultimately included in the study cohort. These patients subsequently had their
sigmoid sinuses re-evaluated with focused attention on the possible presence of dehiscence and/or diverticula.

RESULTS: We identified 56 patients: 12 men and 44 women. After re-evaluation of the sigmoid sinuses, evidence of dehiscence and/or
diverticula was noted in 21 patients. The right sigmoid sinus was involved in 11 patients, and the left sigmoid sinus was involved in 7
patients, including 3 cases of diverticulum. In 3 patients, evidence of bilateral sigmoid sinus dehiscence and diverticula was noted. Female
sex was associated with sigmoid sinus dehiscence and diverticula by univariate analysis (P¼ .019). By linear regression, cephalocele volume
was negatively associated with sigmoid sinus dehiscence and diverticula (coefficient, �2266, P value, .007, adjusted R2 ¼ 0.1077). By uni-
variate logistic regression using average cephalocele volume as a cutoff, we demonstrate a statistically significant finding of lower vol-
umes being associated with sigmoid sinus dehiscence and diverticula with an odds ratio of 3.58 (P¼ .05).

CONCLUSIONS: The prevalence of sigmoid sinus dehiscence and diverticula in patients with cephalocele is high. Female sex is asso-
ciated with sigmoid sinus dehiscence and diverticula. The cephalocele volume appears to be inversely proportional to sigmoid sinus
dehiscence and diverticula.

ABBREVIATIONS: ICP ¼ intracranial pressure; IIH ¼ idiopathic intracranial hypertension; SSDD ¼ sigmoid sinus dehiscence and diverticula; CSF ¼ cerebrospi-
nal fluid

Acephalocele consists of herniation of the brain (encephalo-
cele), meninges (meningocele), and/or both (meningoence-

phalocele) through a skull defect. Skull base cephaloceles can be
congenital, spontaneous, or secondary to a litany of causes.1-3

Congenital skull base cephaloceles are rare and constitute ,10%

of all cephaloceles and are typically due to defects in primary ossi-
fication within the anterior neuropore but can also be due to
increased intracranial pressure (ICP) in utero.1,4 Spontaneous
skull base cephaloceles form most cephaloceles diagnosed in
adulthood and unlike congenital cephaloceles are not associated
with other gross anomalies. The osseous defects are presumed
to be secondary to the pulsation of arachnoid granulations,
which can be associated with increased ICP.1,2,5 The most
common locations for spontaneous skull base cephaloceles are
the cribriform plate, sphenoid sinus, and tegmen tympani;1,6,7

these spontaneous cephaloceles are typically asymptomatic
unless a CSF leak develops. As mentioned above, secondary
cephaloceles result from myriad underlying etiologies (eg,
trauma, surgery, skull base neoplasms, infection, inflamma-
tion, and radionecrosis).1,8,9

Sigmoid sinus dehiscence and diverticula (SSDD) are a clini-
cal entity that has been reported to be associated with pulsatile
tinnitus.10,11 In a retrospective study by Schoeff et al,12 in 2014,
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the prevalence of SSDD in patients with pulsatile tinnitus was
found to be 23% and was female-predominate. Most interesting,
the prevalence of SSDD in asymptomatic patients in whom imag-
ing was performed has been reported to be 1.2%. Of note, several
interventions have been described that treat the pulsatile tinnitus
caused by SSDD.13,14

SSDD has been associated with other radiographic findings,
including empty sella, dehiscence of the superior semicircular
canal, and increased ICPs.12 Several mechanisms have been pro-
posed for SSDD, which include pulsation of blood flow from the
sigmoid sinus, osteoporosis, and the pulsation of CSF secondary
to idiopathic intracranial hypertension (IIH).11-13,15,16 Of note,
recent studies have failed to show an association between SSDD
and pulsatile tinnitus in patients with IIH.16 It is possible that the
SSDD is not the actual cause of pulsatile tinnitus and the SSDD
and pulsatile tinnitus both are different manifestations of IIH.

There remain no well-established diagnostic criteria for
SSDD, and diagnosis is based on visual assessment of CT scans
using the bone window. Sigmoid sinus dehiscence is defined as
the absence of normal cortical bone overlying the sigmoid sinus,
thereby leading to direct contact of the sinus with mastoid air
cells (air-on-sinus sign); this must be visible on 2 consecutive sli-
ces in 2 orthogonal planes.16 Sigmoid sinus diverticula have been
defined as focal outpouchings of the sigmoid sinus into the adja-
cent mastoid air cells or the mastoid cortex.

The potential association of SSDD and skull base cephalo-
celes (another manifestation of IIH) is currently unknown.
Understanding such a relationship may ultimately be helpful
in further elucidating the governing physiopathology of SSDD;
strong associations between SSDD and cephaloceles would
appear to favor CSF pulsation as the cause of SSDD as opposed
to venous pulsations. Accordingly, we performed a retrospec-
tive study to quantify the prevalence of SSDD in patients with
known skull base cephaloceles. In addition, we also sought to
describe the association between SSDD and the size, location,
contents, and symptoms of the patients with cephaloceles.

MATERIALS AND METHODS
Patients
All experiments and methods were performed in accordance with
relevant guidelines and regulations set forth by the institutional
review board of the University of Alabama at Birmingham, which
approved the study (IRB-300000880). The study was performed
in compliance with guidelines and regulations set forth by the
National Institutes of Health. All patients were included as part
of the institutional review board criteria for human research. All
Health Insurance Portability and Accountability Act identifiers
have been deleted from the presented images. Our institutional
PACS data base was queried for the word “cephalocele” in all
radiology reports from 2005 to 2018. Adult patients with
spontaneous skull base cephaloceles were included in this
study. Available imaging for each patient included a head CT
with or without contrast, brain MR imaging with or without
contrast, and/or a maxillofacial/temporal bone CT. These
films were reviewed by a neuroradiologist with more than a
decade of clinical experience.

Outcomes
Anomalies involving the sigmoid sinuses were documented in
these patients with focused attention on dehiscence and divertic-
ula. As mentioned above, sigmoid sinus dehiscence was defined
as loss of normal bone coverage of the sigmoid sinus and direct
contact of the sigmoid sinus with mastoid air cells (air-on-sinus
sign) in at least 2 consecutive slices in 2 orthogonal planes.
Sigmoid sinus diverticulum was defined as a focal outpouching of
the sigmoid sinus into the adjacent mastoid air cells or the mas-
toid cortex. Note that the presence of a sigmoid sinus diverticu-
lum does not necessarily suggest the presence of dehiscence but
rather indicates an abnormal focal outpouching of the sigmoid
sinus. The radiologist also documented the location, size, and
content of cephaloceles (ie, meninges versus meninges and brain
tissue). The patient’s symptoms were obtained from the study in-
dication and/or a review of the medical records. Cephalocele con-
tent was defined using MR imaging (ie, CSF versus CSF with
brain tissue). If MR imaging was not available, the surgical note,
the density of cephalocele, or the tethering of atrophic brain tis-
sue toward the cephalocele or both were used as a proxy for the
cephalocele. If no brain tissue was seen during an operation, the
density of the cephalocele was equal to that of CSF, and there was
no tethering of atrophic brain tissue toward the cephalocele, the
cephalocele was assumed to contain only CSF. The cephalocele
content was determined via MR imaging in all except 4 patients.
In these 4 patients, the cephaloceles were isodense with CSF on
CT and no evidence of tethering of brain tissue was noted. Three
of these patients underwent surgical repair, and no brain tissue
was noted during the operation. Accordingly, all 4 patients were
considered to have only CSF-containing cephaloceles.

Statistical Analyses
SSDD and cephalocele categoric characteristics were analyzed
using x 2 tests, and SSDD and cephalocele continuous characteris-
tics were analyzed using a nonparametric approach with Kruskal-
Wallis tests. Cephalocele volume was calculated by the following
equation: Volume ¼ Product of Triplanar Dimensions � 0.5. A
single-variable linear regression was performed between volume
and SSDD to help determine the correlation. A supportive single-
variable logistic regression was performed using the average vol-
ume as a cutoff for a binomial dependent variable relative to
SSDD. A multivariate logistic regression, controlling for sex, later-
ality, location, and cephalocele volume was performed with SSDD
as the dependent binomial variable. Statistical analysis based on
individual locations of the cephaloceles was not possible because of
the small number within each group. We, therefore, pooled the
participants into 3 main categories for further analyses: 1) anterior
cephaloceles (ethmoidal, sphenoidal, cribriform plate, and sellar
cephaloceles), 2) foraminal cephaloceles (cephaloceles through fo-
ramen of ovale and the Meckel cave), and 3) temporal cephaloceles
(temporal apex and tegmen tympani cephaloceles).

RESULTS
Fifty-six patients with cephaloceles were included in our retro-
spective study. Forty-four patients were women (79%). The aver-
age age of the group was 50.9 years. An anterior cephalocele
(through the ethmoid and sphenoid sinuses, cribriform plate, and
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sella) was found in 33 patients (58.9%), while only 4 patients had
one through the skull base foramina (ie, the foramen of ovale and
the Meckel cave). The remaining patients (n ¼ 19) had temporal
bone cephaloceles (through the temporal apex and tegmen tym-
pani). In 22 patients (39.3%), the cephalocele contained brain tis-
sue and meninges (encephalomeningoceles); the remaining 34
patients had cephaloceles that contained only meninges (menin-
goceles). The average cephalocele volume was 2979mm3.

The most common presenting symptom was rhinorrhea (24
patients, 42.9%). In 22 patients (39.3%), the cephalocele was diag-
nosed incidentally during work-up for headaches (without other
symptoms related to IIH). Other presenting symptoms were
headaches secondary to IIH in 2 patients (3.6%), otorrhea in 1
patient (1.8%), bilateral hearing loss in 1 patient (1.8%), meningi-
tis in 4 patients (7%), and meningitis with CSF leak in 2 patients
(3.6%). Twenty-three patients (41.1%) were managed conser-
vately, and 33 patients (58.9%) underwent surgical repair.

Of 56 patients with cephaloceles, 21 patients were also shown
to have SSDD, a prevalence of 37.5%. Most of these patients were
women, with only 1 man having been identified. In 11 patients, the
right sigmoid sinus (Fig 1) was involved, and in 7 patients, the left
sigmoid sinus was involved, including 3 cases of diverticulum (Fig
2). In 3 patients, evidence of bilateral SSDD was noted. The pres-
ence of an SSDD did not contribute to any group differences in the
location of a cephalocele, content, or symptoms (Table 1).

Most interesting, there was a significant inverse association
between the volume of the cephalocele and the presence of an
SSDD. Patients with an SSDD had a lower mean cephalocele vol-
ume (1562.4 6 1511.8mm3) compared with those without one
(mean¼ 3828.66 3559.4mm3, P¼ .015). By multivariate logistic
regression, controlling for sex, laterality, and location, cephalocele
volume remained significantly associated with SSDD (P¼ .036).
In addition, as cephalocele volume decreased, there was an associa-

tion with SSDD (coefficient, �2266; P
value, .007, adjusted R2 ¼ 0.1077).
The 95% confidence intervals vary
widely due to overfitting of the uni-
variate linear regression (�3873.20
to �659.14) supporting a potentially
inconclusive finding due to collinearity.
To further investigate this inverse asso-
ciation, we performed a univariate logis-
tic regression analysis using the nearest
to average volume (3086mm3) as the
cutoff versus the association of SSDD
with cephaloceles. An odds ratio of 3.58
of cephaloceles below average volume is
associated with SSDD with a 95% CI,
2.3–4.86 and a P value¼ .05 (Table 2).

DISCUSSION
To our knowledge, this is the first
study to evaluate the prevalence of
SSDD in patients with cephaloceles.
Within our cohort, the prevalence of
SSDD in patients with cephalocele was
shown to be 37.5%. We found a strong

association between the presence of SSDD and female sex.
Similar sex associations have been reported in patients with
SSDD in the context of elevated ICPs.11,12 In 2017, in the system-
atic review by Wang et al,17 90.4% of patients with pulsatile tin-
nitus and SSDD were women.17 Despite the literature, only 2
of our patients with SSDD had documented evidence of
increased ICP and none of our patients presented with pulsa-
tile tinnitus. Our findings match those of a recent study by

FIG 1. Dehiscence of the right sigmoid sinus (arrow). Lack of osseous
coverage of the sigmoid sinus with the air-on-sinus sign.

FIG 2. Diverticulum of the left sigmoid sinus (arrow) with focal protrusion of the sigmoid sinus
toward the mastoid air cells. The left sigmoid sinus was normal in shape above and below this
section (A, Bone window CT; B, Postcontrast T1 MR imaging).
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Lansley et al16 and raise questions with regard to SSDD as the
proximal cause of pulsatile tinnitus. In patients with IIH, the
pulsatile tinnitus can be secondary to IIH itself rather than
SSDD.

The inverse relationship noted between the volume of cephalo-
cele and SSDD will require further investigation. One potential ex-
planation is that increased ICP may manifest in several different
ways (eg, empty sella, prominent subarachnoid spaces around
optic nerves, cephalocele formation, and SSDD). Accordingly, one
may postulate that once SSDD develops in patients with cephalo-
celes, this anomaly provides a “pressure outlet” so that elevated
ICP is more likely to contribute to further dehiscence in lieu of
continued cephalocele growth. Also, an association between SSDD
and cephaloceles may favor CSF pulsation as the cause of the
SSDD as opposed to venous pulsations.

A little less than half of our patients were found to have
CSF rhinorrhea that required treatment, and in our cohort,
the second most common reason for discovery of the ceph-
alocele was purely incidental. Current treatment options for

symptomatic SSDD include the classic transmastoid and retro-
sigmoid open surgical approaches; more recent endovascular
approaches involving coil embolization and stent placement
have also begun to emerge.12-14,18 Given our findings and
recent literature, we recommend evaluation of IIH before inva-
sive treatment of SSDD in patients with pulsatile tinnitus.

Limitations
Our study has a few limitations. First, it is a retrospective analysis
that includes a relatively heterogeneous group of patients and
imaging from our institutional data base; thus, it does not include
patients who may have received treatment at outside institutions.
Second, only the sigmoid sinus was evaluated, and the presence of
additional intracranial venous anomalies and stenosis could not be
evaluated, given that dedicated CT MR venography of both were
not performed. Third, this is a relatively small cohort that may not
be adequately powered to find subtle differences between groups
with and without SSDD. Statistically, the study is underpowered
and does not offer conclusive evidence for its findings but offers
the first literature reports of possible associations among sex, the
presence of SSDD, and its volume with cephaloceles. While our
study found a significant inverse relationship between cephalocele
volume and the presence of SSDD (P¼ .036), the lack of a strong
linear association (per R2 ¼ 0.1077) may ultimately reflect an
underpowered study. Our logistic regression demonstrated an
odds ratio of 3.58 for smaller volumes and increased association
with SSDD with a P value at exactly .05 while using the cutoff of
average volume, though the range of volumes for the cephaloceles
analyzed is wide. A more extensive investigation is warranted and
may ultimately be accomplished via the provision of an appropri-
ately powered multi-institutional study.

Table 1: Univariable analysis of cephaloceles and SSDD

Cephalocele Only (n= 35) Cephalocele and SSDD (n= 21) Total (n= 56) P Value
Age (yr) .71
Mean (SD) 51.5 (13.6) 49.7 (11.9) 50.8 (12.9)
Range 27–79 27–67 27–79
Sex .019
Female 24 (68.6%) 20 (95.2%) 44 (78.6%)
Male 11 (31.4%) 1 (4.8%) 12 (21.4%)
Symptoms .235
Bilateral hearing loss 0 (0.0%) 1 (4.8%) 1 (1.8%)
CSF leak 15 (42.9%) 9 (42.9%) 24 (42.9%)
Incidental 17 (48.6%) 5 (23.8%) 22 (39.3%)
Headache secondary to IIH 1 (2.9%) 1 (4.8%) 2 (3.6%)
Meningitis 1 (2.9%) 3 (14.3%) 4 (7.1%)
Meningitis with CSF leak 1 (2.9%) 1 (4.8%) 2 (3.6%)
Otorrhea 0 (0.0%) 1 (4.8%) 1 (1.8%)
Content of cephalocele .672
Brain and meninges 13 (37.1%) 9 (42.9%) 22 (39.3%)
Meninges 22 (62.9%) 12 (57.1%) 34 (60.7%)
Location .866
Anterior skull base 21 (60.0%) 12 (57.1%) 33 (58.9%)
Skull base foramina 2 (5.7%) 2 (9.5%) 4 (7.1%)
Temporal bone 12 (34.3%) 7 (33.3%) 19 (33.9%)
Volume of cephalocele (mm3) .015
Mean (SD) 3828 (3559) 1562 (1511) 2979 (3144)
Median (minimum-maximum) 40–12,617 30–4872 30–12,617
Cephalocele repaired? .141
No 17 (48.6%) 6 (28.6%) 23 (41.1%)
Yes 18 (51.4%) 15 (71.4%) 33 (58.9%)

Table 2: Logistic regression for volume less than average
(3086mm3) versus SSDD association with cephalocele

Presence of SSDD
Volume below average 3086mm3 OR¼ 3.58

95% CI, 2.30–4.86
P¼ .05

Constant 0.25
(�0.85–1.35)

Observations 56
Log likelihood –34.91
Akaike information criterion 73.81
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CONCLUSIONS
Within our cohort, the prevalence of SSDD in patients with a
cephalocele was shown to be 37.5%. Herein we report a potential
association between female sex and an inverse relationship
between cephalocele volume and SSDD. We did not find any dif-
ferences between the presence and absence of SSDD in patients
with cephaloceles when comparing age, location of cephalocele,
content, or clinical symptoms. SSDD and skull base cephaloceles
may share an underlying common pathophysiology such as IIH.
Further studies are needed to evaluate the exact mechanisms
between these skull base and venous pathologies.

Disclosures: Joshua D. Bernstock—RELATED: positions and equity in CITC Ltd
and Avidea Technologies and a member of the POCKiT Diagnostic Board of
Scientific Advisors.
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Variable Refocusing Flip Angle Single-Shot Imaging for
Sedation-Free Fast Brain MRI

R. Jabarkheel, E. Tong, E.H. Lee, T.M. Cullen, U. Yousaf, A.M. Loening, V. Taviani, M. Iv, G.A. Grant,
S.J. Holdsworth, S.S. Vasanawala, and K.W. Yeom

ABSTRACT

BACKGROUND AND PURPOSE: Conventional single-shot FSE commonly used for fast MRI may be suboptimal for brain evaluation
due to poor image contrast, SNR, or image blurring. We investigated the clinical performance of variable refocusing flip angle sin-
gle-shot FSE, a variation of single-shot FSE with lower radiofrequency energy deposition and potentially faster acquisition time, as
an alternative approach to fast brain MR imaging.

MATERIALS ANDMETHODS:We retrospectively compared half-Fourier single-shot FSE with half- and full-Fourier variable refocusing
flip angle single-shot FSE in 30 children. Three readers reviewed images for motion artifacts, image sharpness at the brain-fluid
interface, and image sharpness/tissue contrast at gray-white differentiation on a modified 5-point Likert scale. Two readers also
evaluated full-Fourier variable refocusing flip angle single-shot FSE against T2-FSE for brain lesion detectability in 38 children.

RESULTS: Variable refocusing flip angle single-shot FSE sequences showed more motion artifacts (P, .001). Variable refocusing flip
angle single-shot FSE sequences scored higher regarding image sharpness at brain-fluid interfaces (P, .001) and gray-white differen-
tiation (P, .001). Acquisition times for half- and full-Fourier variable refocusing flip angle single-shot FSE were faster than for sin-
gle-shot FSE (P, .001) with a 53% and 47% reduction, respectively. Intermodality agreement between full-Fourier variable
refocusing flip angle single-shot FSE and T2-FSE findings was near-perfect (k ¼ 0.90, k ¼ 0.95), with an 8% discordance rate for
ground truth lesion detection.

CONCLUSIONS: Variable refocusing flip angle single-shot FSE achieved 2� faster scan times than single-shot FSE with improved image
sharpness at brain-fluid interfaces and gray-white differentiation. Such improvements are likely attributed to a combination of improved
contrast, spatial resolution, SNR, and reduced T2-decay associated with blurring. While variable refocusing flip angle single-shot FSE may
be a useful alternative to single-shot FSE and, potentially, T2-FSE when faster scan times are desired, motion artifacts were more com-
mon in variable refocusing flip angle single-shot FSE, and, thus, they remain an important consideration before clinical implementation.

ABBREVIATIONS: SSFSE ¼ single-shot FSE; vrfSSFSE ¼ variable refocusing single-shot FSE

Fast MR imaging sequences commonly used to image infants
and young children are often a derivative of T2-weighted MR

imaging with shorter acquisition times.1 While fast MR imaging
sequences have, to date, shown lower image quality compared
with standard T2-weighted FSE MR imaging, they do provide a
faster method for evaluating the global brain and are particularly
useful for assessing fluid-filled spaces or structures.2 Historically,

fast MR imaging was clinically implemented to reduce the radia-
tion exposure of serial CT imaging in shunted children and avoid
sedation often required for lengthier conventional MR imaging
scans on children.3-5

There are various types of fast MR imaging, including single-
shot FSE (SSFSE), balanced steady-state free precession, and hybrid
methods using a combination of gradient- and spin-echoes.2,6-11
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All of these techniques are fast and therefore easy to implement
without sedation. However, either limited resolution and blurring
(SSFSE), poor tissue contrast (balanced steady-state free preces-
sion), or sensitivity to off-resonance and system imperfections
(gradient- and spin-echoes) limits these fast MR imaging sequen-
ces from being used for broader clinical applications beyond evalu-
ation of fluid structures. The PROPELLER method may combat
motion and provide higher resolution.12 PROPELLER is an
FSE-based method, whereby several parallel data lines that form
“blades” are acquired in a radial (or propeller-like) k-space
acquisition. Because the blades rotate around the center of the
k-space, this central oversampling provides redundancy of infor-
mation, which can be used for motion correction. Nonetheless,
PROPELLER poses challenges of lengthy acquisition times,
requiring a greater degree of patient cooperation.

Among the various fast MR imaging approaches, SSFSE has
emerged as one of the most frequently used pulse sequences,
largely because of its T2-weighted contrast, speed, and robustness
to motion, off-resonance, and system imperfections.13 However,
SSFSE has limitations due to its high rate of radiofrequency
energy deposition—particularly at 3T—which translates into
high specific absorption rate values.14 Delays between the acquisi-
tion of consecutive slices need be introduced, resulting in section
TRs longer than the time necessary to simply play the pulse
sequence waveforms, to remain within the FDA specific absorp-
tion rate guidelines. While this issue is more pronounced when
using the body coil for excitation, a delay is still required when
using a transmit/receive head coil.15

Recently, a variation of SSFSE with variable refocusing flip
angles (variable refocusing single-shot FSE [vrfSSFSE]) has been
described.16 This flip angle modulation was originally introduced
to reduce T2-decay–associated blurring, mostly in the context of
volumetric imaging.17-19 Coincidentally, the flip angle modula-
tion also reduces radiofrequency energy deposition and thus the
specific absorption rate; hence, the aforementioned delays
between acquisitions of successive slices can be shortened, result-
ing in faster imaging. Despite the potential benefits of faster
imaging, the image quality of the brain using low refocusing flip
angle SSFSE remains unknown. Furthermore, with vrfSSFSE, sig-
nal levels tend to oscillate over the echo train and are, thus, more
vulnerable to motion-related signal loss, which might impede
clinical interpretability. In this study, we sought to investigate a
faster MR imaging approach that incorporates vrfSSFSE and
examine its potential clinical applicability.20

MATERIALS AND METHODS
Subjects Undergoing SSFSE and vrfSSFSE
Our institution, the Lucile Packard Children’s Hospital (Palo
Alto, California) has integrated vrfSSFSE as part of our fast MR
imaging brain protocol since April 2014. After institutional
review board approval with waived consent, we retrospectively
identified 30 consecutive children referred for noncontrast, seda-
tion-free fast brain MR imaging between December 2015 and
April 2016. Children who had undergone back-to-back conven-
tional half-Fourier SSFSE, half-Fourier vrfSSFSE, and full-Fourier
vrfSSFSE sequences at 3T MR imaging were included. The me-
dian age of patients was 6 years (age range, 8months to 20 years).

Clinical characteristics of patients who had SSFSE and vrfSSFSE
images are listed in On-line Table 1.

Subjects Undergoing T2-FSE and Full-Fourier vrfSSFSE
We also retrospectively identified 38 consecutive children who
had undergone back-to-back T2-FSE and full-Fourier vrfSSFSE
scans at 3T MR imaging in October 2016 as part of a quality-
assurance project. The median age of patients who had both T2-
FSE and full-Fourier vrfSSFSE scans was 6 years (age range,
1week to 17 years). Clinical characteristics of patients who had
T2-FSE and full-Fourier vrfSSFSE images are listed in On-line
Table 2.

Imaging Methods
All subjects were scanned on a 3T Discovery MR750 scanner (GE
Healthcare) with an 8-channel head coil.

SSFSE and vrfSSFSE Image Acquisition. The MR imaging proto-
col comprised 3 orthogonal planes of SSFSE (constant refocusing
flip angle of 130°) and coronal vrfSSFSE. SSFSE parameters were
the following: FOV¼ 18–22 cm (adjusted to each patient’s anat-
omy), array coil spatial sensitivity encoding parallel imaging
factor¼ 2, half-Fourier with homodyne reconstruction, effective
TE= 86 ms, matrix¼ 256 � 256, and bandwidth¼ 83 kHz.
Contiguous, 4-mm-thick slices with interleaved section ordering
were used. The vrfSSFSE sequences had the same parameters, but
auto-calibrating parallel imaging was used instead of array coil
spatial sensitivity encoding. Full-Fourier vrfSSFSE was performed
in addition to half-Fourier vrfSSFSE with homodyne reconstruc-
tion.21 The TR for each sequence was recorded.

T2-FSE and Full-Fourier vrfSSFSE Image Acquisition. Axial full-
Fourier vrfSSFSE parameters were the following: section thick-
ness ¼ 4 mm, 0.5 skip, FOV ¼ 18–22 cm, matrix ¼ 256 � 256,
average TR/TE¼ 960/160ms. Axial T2-FSE autocalibrating recon-
struction for Cartesian imaging parameters were the following:
section thickness ¼ 4 mm, 0.5 skip, FOV ¼ 18–22 cm, matrix ¼
512� 256, with average TR/TE times¼ 3000/100ms.

SSFSE versus vrfSSFSE Image-Quality Evaluation
Two blinded, board-certified neuroradiologists with Certificates of
Added Qualification (K.W.Y., .10 years; M.I., .5 years’ experi-
ence) and 1 pediatric radiology fellow (T.M.C.) independently
evaluated coronal half-Fourier SSFSE, half-Fourier vrfSSFSE, and
full-Fourier vrfSSFSE sequences in random order with regard to
individual patients and the sequence type. The reviewers assessed
the following image features: motion artifacts, image sharpness at
the brain-fluid interfaces (eg, cortical surface, cerebral sulci, or cer-
ebellar fissures), and image sharpness within the brain substance,
specifically targeting tissue contrast at the gray-white differentia-
tion. Motion artifacts were scored on the basis of motion-related
signal drop-out. Sharpness took into account factors that contrib-
uted to better visualization of boundaries of solid-fluid and solid-
solid structures. Note that higher sharpness scores could be attrib-
uted to a combination of factors, including improved image con-
trast (such as contrast at the cortical surface or within the brain
parenchyma at the gray-white differentiation), improved spatial re-
solution and SNR, and reduced T2-decay–associated blurring. For
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scoring, we used the following modified 5-point Likert scale: 1,
nondiagnostic; 2, limited study; 3, suboptimal quality; 4, not affect-
ing diagnostic quality, minimal artifacts or image-quality problems;
5, diagnostic, no artifacts or excellent image quality.

Evaluation of T2-FSE and Full-Fourier vrfSSFSE Image Findings
Two blinded board-certified neuroradiologists with Certificates of
Added Qualification (K.W.Y. and E.T.,.2 years’ experience) inde-
pendently reviewed axial T2-FSE and full Fourier vrfSSFSE images
in a random order and with at least a 2-week interval to avoid
recall bias between the 2 sequences. The reviewers recorded all de-
tectable pathologic brain lesions. T2-FSE served as the ground
truth. The full-Fourier vrfSSFSE findings were considered in agree-
ment with T2-FSE only if all abnormal findings found on T2-FSE
were also detected on full-Fourier vrfSSFSE in an all-or-none grad-
ing manner. We did not evaluate agreement for minor T2*-related
features, such as focal hemosiderin or mineralization.

Statistical Analysis
Wilcoxon matched-pairs signed ranked tests were used to compare
radiologists’ ratings between SSFSE and vrfSSFSE sequences.

Mann-Whitney tests were used to compare TRs between SSFSE
and vrfSSFSE sequences. Interrater agreement for SSFSE and
vrfSSFSE image-quality evaluation was assessed with the Fleiss k
statistic because we had 3 readers. Following interrater agreement
analyses between SSFSE and vrfSSFSE raw scores, Fisher exact tests
were used to compare the fraction of scans rated highly, 4 or 5, for
each image-quality parameter for SSFSE and vrfSSFSE sequences.
Intermodality agreement between full-Fourier vrfSSFSE and T2-
FSE findings for a given reader was assessed using the Cohen k .
Wilcoxon matched-pairs signed rank tests, Mann-Whitney tests,
Fisher exact tests, and Cohen k were all calculated using GraphPad
Prism software (Version 8.2.1; GraphPad Software). The Fleiss k
statistic was calculated using Excel (Version 16.29; Microsoft).

RESULTS
Overall, vrfSSFSE sequences showed significantly faster acquisi-
tion times compared with SSFSE (Fig 1). Specifically, half-Fourier
vrfSSFSE (mean, 528 ms) and full-Fourier vrfSSFSE (mean, 597
ms) had a 53% and 47% decrease in TR, respectively, compared
with SSFSE (mean, 1120 ms; P, .001). There was no instance in
which either vrfSSFSE or SSFSE was considered nondiagnostic
within the narrow clinical scope for which fast MR imaging was
obtained (evaluation of ventricular size, cyst, or large fluid
collection).

Motion Artifacts
SSFSE scored significantly higher (ie, had less motion-related
signal loss) than both half-Fourier vrfSSFSE and full-Fourier
vrfSSFSE (mean, 4.6 versus 3.8 versus 3.7, respectively; P, .001;
Fig 2A and Table 1). Figure 3 shows an example of motion-
related signal loss that might be seen with vrfSSFSE. While these
artifacts were less common for SSFSE, 77% and 80% of half-
Fourier vrfSSFSE and full-Fourier vrfSSFSE, respectively, showed
minimal-to-no artifacts (Table 2).

Image Sharpness at the Brain-Fluid Interfaces
Both half-Fourier vrfSSFSE and full-Fourier vrfSSFSE scored
higher than SSFSE (mean, 4.2 versus 4.1 versus 3.4, respectively;
P, .001; Fig 2B). Figure 4 shows an example of improved sharp-
ness with vrfSSFSE, particularly at the cortical-sulcal interface.

Image Sharpness/Tissue Contrast at the Gray-White
Differentiation
Both half-Fourier vrfSSFSE and full-Fourier vrfSSFSE scored
higher than SSFSE (mean, 4.4 versus 4.4 versus 3.5, respectively;
P, .001; Fig 2C). Figure 5 shows an example of improved image
sharpness stemming from higher tissue contrast and spatial reso-
lution and SNR with more distinct gray-white differentiation on
vrfSSFSE, including improved anatomic detail of smaller struc-
tures such as the cerebellar folia.

Comparison of the vrfSSFSE Sequences
There were no statistically significant differences for motion arti-
facts or overall image sharpness.

SSFSE and vrfSSFSE Image-Quality Interrater Agreement
Raters varied on the basis of the image-quality parameter assessed.
There was substantial interrater agreement for motion artifacts

FIG 1. TRs of SSFSE and vrfSSFSE. Box-and-whisker plots for each
sequence are shown with the middle bar representing the median,
the box representing the 25th and 75th percentiles, and the upper
and lower bars representing the range. Half-Fourier vrfSSFSE
(hvSSFSE) and full-Fourier vrfSSFSE (fvSSFSE) have significantly faster
TRs compared with SSFSE (P, . 001). hvSSFSE has a significantly faster
TR compared with fvSSFSE (P, . 001). All comparisons of TRs were
assessed using the Mann-Whitney test.
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(k ¼ 0.62). There was moderate agreement for image sharpness at
the brain-fluid interfaces (k ¼ 0.47) and slight agreement for image
sharpness/tissue contrast at gray-white differentiation (k ¼ 0.15).
Table 1 provides interrater agreement on a pooled-sequence basis
for image-quality parameters and on an individual-sequence basis
by image-quality parameters. While there is slight-to-moderate
interrater agreement for image sharpness at brain-fluid interfaces
and gray-white differentiation, both half-Fourier vrfSSFSE and full-
Fourier vrfSSFSE had significantly more images rated either a 4
(very good) or 5 (excellent) compared with SSFSE for these image-
quality parameters (P, .001; Table 2).

Comparison of T2-FSE and Full-Fourier vrfSSFSE
Intermodality agreement between T2-FSE and full-Fourier
vrfSSFSE findings for a given reader was almost perfect, with k ¼
0.90 and k ¼ 0.95, respectively. Side-by-side examples that com-
pare T2-FSE and full-Fourier vrfSSFSE are shown in Fig 6 and

On-line Fig 1. With T2-FSE as ground truth, full-Fourier
vrfSSFSE demonstrated an 8% discordance rate. One reviewer
missed a small cyst or cavity on full-Fourier vrfSSFSE that was
detectable on T2-FSE (On-line Fig 2). Both reviewers missed a
focal intraparenchymal hemorrhage on full-Fourier vrfSSFSE
that was detected on T2-FSE.

DISCUSSION
Fast MR imaging of the brain has transformed the management of
children with shunted hydrocephalus or ventriculomegaly by
reducing the radiation exposure of serial CT head examinations
and sedation that might be required for a lengthier conventional
MR imaging of the brain. Since its initial use for ventricular assess-
ment, however, many pediatric hospitals have increasingly adopted
various fast MR imaging methods for other clinical conditions such
as cyst evaluation, venous thrombosis, congenital anomalies, Chiari

FIG 2. Image-quality ratings of SSFSE and vrfSSFSE. Box-and-whisker plots for each image-quality parameter (Motion artifact, Sharpness: brain-fluid,
and Sharpness: gray-white contrast rated on a 5-point Likert scale) for a given sequence with themiddle bar representing the median, the box repre-
senting the 25th and 75th percentile, and the upper and lower bars representing the range. A, SSFSE scans scored significantly higher than both
hvSSFSE and fvSSFSE scans on motion artifacts (P, . 001). hvSSFSE and fvSSFSE scans did not differ significantly for Motion artifact (P..5). B, hvSSFSE
and fvSSFSE scans were rated significantly better than SSFSE scans for Sharpness: brain-fluid (P, . 001). hvSSFSE and fvSSFSE scans did not differ sig-
nificantly for Sharpness: brain-fluid (P. .2). C, hvSSFSE and fvSSFSE scans were rated significantly better than SSFSE scans for Sharpness: gray-white
contrast (P, . 001). hvSSFSE and fvSSFSE scans did not differ significantly for Sharpness: gray-white contrast (P. .9). All comparisons of image-quality
ratings were made using theWilcoxon matched-pairs signed-rank test.

Table 1: Mean image-quality ratings of SSFSE and vrfSSFSE scans and interrater agreementa

Motion Artifactb Sharpness: Brain-Fluidc Sharpness: gray-white contrastd

SSFSE 4.6 6 0.6 3.4 6 0.7 3.5 6 0.6
(0.63, substantial) (0.43, moderate) (�0.03, poor)

Half-Fourier vrfSSFSE 3.8 6 0.5 4.2 6 0.6 4.4 6 0.7
(0.39, fair) (0.32, fair) (0.07, slight)

Full-Fourier vrfSSFSE 3.7 6 0.5 4.1 6 0.5 4.4 6 0.6
(0.37, fair) (0.23, fair) (0.03, slight)

Pooled (0.62, substantial) (0.47, moderate) (0.15, slight)
aWilcoxon matched-pairs signed-rank test was used to compare reader image-quality ratings of sequences.
bSSFSE was scored significantly higher than both half- and full-Fourier vrfSSFSE for Motion Artifact (P, .001).
cBoth vrfSSFSE sequences were rated significantly higher than SSFSE for Sharpness: Brain-Fluid (P, .001).
dBoth vrfSSFSE sequences were rated significantly higher than SSFSE for Sharpness: gray-white contrast (P, .001).
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malformations, and postoperative hem-
orrhage.5,11,22 Greater recognition of
radiation-related cancer risks of repeat
head CT examinations, in part, has
driven such expanded clinical indica-
tions because lifetime cancer mortality
risk due to radiation exposure from
head CT in a 1-year-old child is esti-
mated to be 0.07%, an order of magni-
tude higher than that of adults.13,23-25

Potential risks and adverse effects of
sedation in children are other contrib-
uting factors.26

Among the various fast MR imaging
approaches, SSFSE is frequently used
for its speed and excellent T2-weighted
contrast. A central limitation of SSFSE,
however, is its high rate of radiofre-
quency energy deposition due to refo-
cusing pulse trains with a constant flip
angle, which results in high specific
absorption rates. The high specific
absorption rate of SSFSE mandates a
longer TR, in which motion between
acquisitions of sections could lead to
misregistration. In this study, we tested
whether a variation of SSFSE with
variable refocusing flip angles (thus
decreasing radiofrequency energy depo-
sition) could reduce TRs and thereby
facilitate faster imaging compared with
conventional SSFSE. We also sought
to compare image quality between
vrfSSFSE and conventional SSFSE and
then compare the diagnostic perform-
ance of vrfSSFSE against T2-FSE used
in standard-of-care brain MR imaging
protocols.

In this study, we applied variable
refocusing flip angles for potential fast
MR imaging optimization of the pediat-
ric brain. We found that vrfSSFSE
sequences significantly reduced TRs
and therefore overall scan times by
around 50%. Although vrfSSFSE was
more vulnerable to motion-related sig-
nal loss, it gave rise to images with
improved tissue contrast, spatial resolu-
tion, and SNR, compared with SSFSE
and suggested a potential clinical role
for vrfSSFSE in evaluating the brain
beyond cysts or ventricles.

To address the potential for
vrfSSFSE to have an expanded clinical
role, we evaluated the clinical per-
formance of vrfSSFSE for evaluating
the pediatric brain, including normal

FIG 4. Example of image sharpness or blurring. A 3-year-old girl presented for ventricular assess-
ment. Half-Fourier vrfSSFSE (hvSSFSE) and full-Fourier vrfSSFSE (fvSSFSE) images (arrows) show
improved sharpness or reduced blurring, compared with the corresponding conventional SSFSE,
particularly along the cortical margins where the cortical surface is better distinguished against
the overlying subarachnoid spaces.

FIG 5. Example of magnified views demonstrating differences in tissue contrast. A 2-year-old
boy presented for ventricular assessment. Half-Fourier vrfSSFSE (hvSSFSE) and full-Fourier
vrfSSFSE (fvSSFSE) images show improved tissue contrast (arrows) that allows improved visualiza-
tion of the gray-white junction, cerebellar folia detail, as well as posterior hippocampal regions.

FIG 3. Example of motion-related signal loss. An 8-year-old girl presented for ventricular assess-
ment. Half-Fourier vrfSSFSE (hvSSFSE) and full-Fourier vrfSSFSE (fvSSFSE) images show motion-
related signal loss (arrows) on some of the slices that compromised image detail.

Table 2: Fraction of SSFSE and vrfSSFSE scans rated highly, 4 or 5, for readers’ assessmentsa

Motion
Artifactb

Sharpness: Brain-
Fluidc

Sharpness: gray-white
contrastd

SSFSE 94% 37% 50%
Half-Fourier vrfSSFSE 80% 91% 90%
Full-Fourier vrfSSFSE 77% 96% 94%

a Fisher exact tests were used to compare the fraction of scans rated highly, 4 or 5, for each image-quality
parameter for SSFSE and vrfSSFSE sequences.
b There was no statistically significant difference in the fraction of SSFSE scans rated either a 4 (very good) or 5
(excellent) for Motion-Artifact as compared to vrfSSFSE sequences (P . .1).
c Both vrfSSFSE sequences had a higher fraction of images rated either 4 or 5 as compared to SSFSE for Sharpness:
Brain-Fluid (P , .001).
d Both vrfSSFSE sequences had a higher fraction of images rated either 4 or 5 as compared to SSFSE for Sharpness:
Gray-White Contrast (P , .0001).
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and abnormal findings such as brain malformations and injury,
etc., across all ages, using T2-FSE as the ground truth. On the ba-
sis of our results, vrfSSFSE performed comparable with standard-
of-care T2-FSE and with near-perfect intermodality agreement,
suggesting a potential role for integrating vrfSSFE as an alterna-
tive to T2-FSE if anesthesia-free MR imaging or reduced scan
times are desired. We also propose that vrfSSFSE could be a faster
alternative to PROPELLER, as shown in On-line Fig 3.

A prior study has shown that improved image quality and
soft-tissue contrast are feasible by applying a refocusing flip angle
optimization framework to the HASTE sequence, generating
image contrast on a par with T2-FSE for adult brain tumors.27

An important contributor to vrfSSFSE performance in lesion
detection might be its image sharpness related to improved tissue
contrast and spatial resolution, facilitating lesion detection both
at the cortical surface and within the brain substance. Because a
variable refocusing flip angle train modifies the signal decay of
tissues with different T2 relaxation constants, an image contrast
is produced that is different from the traditional constant flip
angle refocusing train. This may potentially make vrfSSFSE better

suited to highlighting differences in brain tissue structures,
including gray-white differentiation. While vrfSSFSE did miss a
few cases of focal hemorrhage, small T2*-susceptibility lesions
may be difficult to detect, even on T2-FSE.

One important limitation was the relative lack of motion in our
patient cohort. With low-refocusing flip angle SSFSE, signal tends
to oscillate over the echo train and is potentially more vulnerable to
motion-related signal loss.20 We, therefore, likely underestimated
the potential detrimental effects of motion-related signal loss that
could impede clinical interpretation. However, there is also a trade-
off in which faster vrfSSFSE might be more successful at quickly
imaging motion-prone patients during a quiescent period in the
scanner, eg, imaging an infant with a swaddle-and-feed before wak-
ing up. Other limitations include suboptimal interrater agreement,
particularly for image sharpness/tissue contrast at the gray-white
junction—which likely stemmed from subjective differences for
what constitutes scores of 4 or 5. When we examined a subset of
scans rated either 4 or 5 for each sequence for a given image quality,
we continued to find that vrfSSFSE sequences provided a significant
improvement in image sharpness and contrast. It is also possible
that there was unconscious bias. While all readers were blinded to
sequence types, which were reviewed in random order, it is conceiv-
able that differences between SSFSE and vrfSSFSE sequences out-
side of image quality affected reported ratings. Another important
limitation is our small sample size; a larger cohort study would be
needed to more fully assess the clinical utility of low-refocusing flip
angle SSFSE for specific neurologic diseases.

CONCLUSIONS
This study shows that ultra-fast T2 imaging was feasible with
variable refocusing flip angles for SSFSE. Although motion-
related signal loss was more prevalent compared with conven-
tional SSFSE, vrfSSFSE came with improved tissue contrast and
spatial resolution and SNR. Although the study is limited by the
small sample size, our pilot results comparing vrfSSFSE with
T2-FSE suggest a potentially broader clinical role for vrfSSFSE,
beyond cyst and ventricle evaluation, particularly if sedation-
free or a faster MR imaging protocol is considered or when con-
ventional methods are less desirable due to time constraints.

Disclosures: Valentina Taviani—UNRELATED: Employment: GE Healthcare. Shreyas S.
Vasanawala—RELATED: Grant: GE Healthcare*; UNRELATED: Consultancy: Arterys,
HeartvVista. *Money paid to the institution.
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Prevalence and Incidence of Microhemorrhages in
Adolescent Football Players

B.R. Shah, J.M. Holcomb, E.M. Davenport, C.M. Lack, J.M. McDaniel, D.M. Imphean, Y. Xi, D.A. Rosenbaum,
J.E. Urban, B.C. Wagner, A.K. Powers, C.T. Whitlow, J.D. Stitzel, and J.A. Maldjian

ABSTRACT

BACKGROUND AND PURPOSE: SWI is an advanced imaging modality that is especially useful in cerebral microhemorrhage detec-
tion. Such microhemorrhages have been identified in adult contact sport athletes, and the sequelae of these focal bleeds are
thought to contribute to neurodegeneration. The purpose of this study was to utilize SWI to determine whether the prevalence
and incidence of microhemorrhages in adolescent football players are significantly greater than those of adolescent noncontact
athletes.

MATERIALS AND METHODS: Preseason and postseason SWI was performed and evaluated on 78 adolescent football players. SWI
was also performed on 27 adolescent athletes who reported no contact sport history. Two separate one-tailed Fisher exact tests
were performed to determine whether the prevalence and incidence of microhemorrhages in adolescent football players are
greater than those of noncontact athlete controls.

RESULTS: Microhemorrhages were observed in 12 football players. No microhemorrhages were observed in any controls.
Adolescent football players demonstrated a significantly greater prevalence of microhemorrhages than adolescent noncontact con-
trols (P¼ .02). Although 2 football players developed new microhemorrhages during the season, microhemorrhage incidence during
1 football season was not statistically greater in the football population than in noncontact control athletes (P¼ .55).

CONCLUSIONS: Adolescent football players have a greater prevalence of microhemorrhages compared with adolescent athletes
who have never engaged in contact sports. While microhemorrhage incidence during 1 season is not significantly greater in adoles-
cent football players compared to adolescent controls, there is a temporal association between playing football and the appear-
ance of new microhemorrhages.

ABBREVIATION: SWI ¼ susceptibility weighted imaging

Microhemorrhages result in abnormal blood product and
iron accumulation in the brain after vascular injury.

Although microhemorrhages are commonly associated with
hypertension, apolipoprotein E «4 carrier status, and cerebral

amyloid angiopathy,1 those found in healthy patients younger

than 60 years of age are more likely the consequence of trauma.

The deposition of such blood products in the brain has been

implicated in a host of neurodegenerative disorders2-5 and has

also been identified in athletes who participate in contact sports

characterized by repetitive, high-magnitude head impacts.6-12

Collectively, these findings suggest that some neurodegenerative

diseases, including chronic traumatic encephalopathy, may be the

sequelae of transient, posttraumatic blood-brain barrier injury

from sports-related head trauma.13

SWI is an advanced neuroimaging technique that is exqui-
sitely sensitive to magnetic field disruption from the presence of
highly paramagnetic and superparamagnetic blood products.
Thus, SWI has markedly improved the sensitivity for detecting
microhemorrhages. While microhemorrhage prevalences have
been reported in adult contact sport cohorts, such rates in adoles-
cent contact sport populations remain largely unexplored.14 The
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purpose of this study was to use SWI to determine whether the
prevalence and incidence of microhemorrhages in adolescent
football populations are significantly greater than those of adoles-
cent, noncontact control athletes.

MATERIALS AND METHODS
Participants
All research procedures were approved by the institutional review
board committees of Wake Forest School of Medicine and the
University of Texas Southwestern School of Medicine. This study
was compliant with the Health Insurance Portability and
Accountability Act, and written informed parental consent and
assent from the participants was obtained. Between 2012 and
2017, male adolescent football players were recruited via phone,
e-mail, and in-person meetings from 6 Junior Pee Wee, 4 Pee Wee,
4 Junior Midget, one 10U, 1 Cadet, 2 Junior Varsity, and 4 Varsity
football teams in Winston-Salem, North Carolina. Each football
subject was enrolled in the study for the football season immedi-
ately following recruitment, with some subjects re-enrolling in the
study in subsequent years. Male noncontact sport controls were
recruited via phone, e-mail, and in-person meetings with noncon-
tact sports leagues and extracurricular programs also located in
Winston-Salem, North Carolina. Because hypertension is known to
increase the risk of developing microhemorrhages,1 football and
control participants were excluded from the analysis if they were
hypertensive or taking medications known to elevate blood pres-
sure. Medical histories revealed 1 football player using an angioten-
sin-converting-enzyme inhibitor and 14 football players and 7
control subjects using medications known to elevate blood pressure.
To assess microhemorrhage incidence associated with playing foot-
ball, football players were further excluded from analysis if presea-
son or postseason imaging was not acquired, imaging was limited
by artifacts, or postseason imaging was not performed within
60days from the conclusion of their season. Control subjects were
excluded if medical histories revealed a prior concussion or head
injury, imaging was limited by artifacts, or subjects had ever played,
as defined by the American Academy of Pediatrics, a “collision” or
“contact” sport.15 All control subjects were athletes who reported a
sports history limited to baseball, swimming, tennis, and track.

MR Imaging Acquisition
MR imaging was performed on a 3T Skyra scanner (Siemens)
with a 32-channel head coil. SWI was acquired under 2 protocols.
The first SWI protocol parameters included the following: TR/
TE, 27/20 ms; flip angle, 15°; FOV, 232 � 256; section thickness,
1.5mm; and voxel resolution, 0.86 � 0.86 � 1.5mm. Forty-
seven football subjects and 7 controls were scanned under the
first protocol. The second SWI protocol parameters included the
following: TR/TE, 51/9.75 ms; flip angle, 20°; section thickness,
324 � 416; FOV, 2.0mm; and voxel resolution, 0.58 � 0.58 �
2.0mm. Thirty-one football subjects and 20 controls were
scanned under the second protocol. T2 images were acquired
using the following parameters: TR/TE, 3600/96 ms; flip angle,
160°; FOV, 640 � 640; section thickness, 3.0mm; and voxel reso-
lution, 0.34 � 0.34 � 3.0mm. MR imaging data for all football
participants were obtained before and after the football season.
All MR imaging data for controls were obtained at 1 time point.

SWI Analysis
All scans were independently reviewed to identify hypointense
foci on SWI by 2 board-certified, fellowship-trained neuroradiol-
ogists with .10 years of combined experience in practice. Each
reviewer was blinded regarding subject cohort stratification.
Following independent evaluation, a consensus conference was
held to assess interrater agreement. Following consensus, 1 neu-
roradiologist examined corresponding phase and T2 images for
each subject scan to exclude calcifications and cavernous malfor-
mations. Hypointensities on phase images were identified as cal-
cifications. “Popcorn-shaped” lesions with a hemosiderin rim
were identified as cavernous malformations on T2 imaging.

Prevalence in the football population was calculated as the
total number of football players with postseason microhemor-
rhages divided by the total number of football players. Prevalence
in the control population was calculated as the number of control
subjects with microhemorrhages divided by the total number of
controls.

To determine incidence in the football population, postsea-
son microhemorrhages that were not identified on the corre-
sponding subject’s preseason image were classified as developed
microhemorrhages. Incidence in the football population was
calculated as the number of football players with developed
microhemorrhages, divided by the total number of football
players included in the analysis. Microhemorrhage prevalence
in the control population was used as a proxy for microhemor-
rhage incidence in controls.

Concussion Evaluation
Concussion history before study enrollment was reported by the
research subject and each player’s legal guardians. During the sea-
son, the Sports Concussion Assessment Tool, 5th edition, was
used to assist a certified athletic trainer in screening for concus-
sion at all games and practices.16 If concussion was suspected, the
subject was referred to a sports medicine physician to determine
the diagnosis. As summarized by the American Medical Society
for Sports Medicine Position Statement on concussion in sport,
“Concussion remains a clinical diagnosis made by carefully syn-
thesizing history and physical examination findings as the injury
evolves. There is no specific imaging, biologic marker, or neuro-
psychological test currently able to confirm the diagnosis of
sports concussion.”17

Statistical Analysis
The Cohen k coefficient was calculated to measure interrater
agreement. A one-tailed Fisher test of exact probability was per-
formed to determine whether microhemorrhage prevalence in ad-
olescent football players was greater than that observed in the
adolescent, noncontact controls. Similarly, a one-tailed Fisher test
of exact probability was used to determine whether the incidence
of microhemorrhages in adolescent football players was greater
than that of adolescent noncontact controls. The a for all tests was
set to .05. To comply with the assumption of independent observa-
tions for each test and to avoid selection bias, 1 subject season was
selected at random for the 18 football subjects with.1 usable sea-
son of data. Random selection was achieved using a random num-
ber generator. All statistical analyses and random number
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generation were performed in R 3.4.3
statistical and computing software
(2017; http://www.r-project.org).

RESULTS
Interrater Agreement
The consensus conference revealed high
interrater agreement in the determina-
tion of SWI lesion counts with k ¼ 1.

Population Demographics
Following exclusion criteria and re-
moval of duplicate subject seasons, 78
(39 pre-high school and 39 high
school) male football players (age
range, 10–18 years; mean age, 14.256
2.63 years) and 27 adolescent noncon-
tact controls (age range, 8–18 years;
mean age 13.92 6 3.09 years) were
used for analysis.

Adolescent Football Player
Summary
Microhemorrhages were not detected
in any control subjects. However, 12
football players had evidence of micro-
hemorrhages on postseason imaging.
Ten football players had the same
microhemorrhages at baseline. Baseline
microbleeds were identified in 2 offen-

sive linemen, 2 defensive linemen, 2 defensive ends, 1 quarterback,
1 tight end, 1 fullback, and 1 wide receiver. These positions were
self-reported and subject to change throughout a season, especially
in pre-high school players. All pre-existing microhemorrhages
were found in the lateral ventricle choroid plexus, white and gray
matter of the cerebellum, periventricular white matter of the parie-
tal lobe, and white matter of the brain stem, cerebellar peduncle,
and frontal lobe (Fig 1). All football players with preseason micro-
hemorrhages had played football for at least 1 year before study
enrollment.

Two football players developed new microhemorrhages during
the season. Subject 72, a quarterback, developed a microhemor-
rhage in the white matter of the occipital lobe, and subject 75, a
cornerback, developed a microhemorrhage in the white matter of
the frontal lobe (Fig 2). One pre-existing cavernous malformation
(subject 33) was identified.

Of 12 football players who reported concussion history before
study enrollment, 3 football players had baseline microhemorrhages.
Neither of the 2 football players who developed new microhemor-
rhages reported a history of concussion nor were they diagnosed
with a concussion during the football season. Nine football players
were diagnosed with concussion during the season they were
observed. None of the football players who were concussed during
the season developed microhemorrhages or had microhemorrhages
at baseline. A summary of data can be found in the On-line Table.

FIG 1. SWI and corresponding phase images. A and B, Subject 10. C and D, Subject 14. E and
F, Subject 46. Subject 10 is an 18-year-old, male defensive lineman. Subject 14 is a 17-year-
old, male defensive end. Subject 46 is an 18-year-old, male quarterback. Microhemorrhages
are indicated by a white arrow. A, SWI hypointensity in the choroid plexus of the left lat-
eral ventricle. B, Corresponding hyperintensity in the choroid plexus of the left lateral
ventricle on phase imaging, verifying microhemorrhage. C, SWI hypointensity in the peri-
ventricular white matter of the left parietal lobe. D, Corresponding hyperintensity in the
periventricular white matter of the left parietal lobe on phase imaging, verifying microhe-
morrhage. E, SWI hypointensity in the cerebellar gray/white matter. F, Corresponding
hyperintensity in the cerebellar gray/white matter on phase imaging, verifying
microhemorrhage.

FIG 2. Developed microhemorrhages in 2 football players. Dashed
circles identify the ROI on each image. A and B, Subject 72. C and D,
Subject 75. Subject 72 is a 17-year-old, male quarterback. Subject 75 is a
16-year-old, male cornerback. A, Preseason SWI with no hypointensity in
the right occipital lobe white matter. B, Postseason SWI with hypointen-
sity in the right occipital lobe white matter. C, Preseason SWI with no
hypointensity in the right frontal lobe white matter. D, Preseason SWI
with hypointensity in the right frontal lobe white matter.
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Microhemorrhage Prevalence
Of 78 football players, 13 microhemorrhages were identified in
12 subjects. Based on these observations, the microhemorrhage
prevalence in adolescent football players is 15.38% (95% confi-
dence interval, 8.21%–25.33%). Nomicrohemorrhages were iden-
tified in the 27 controls. The microhemorrhage prevalence in the
adolescent football population was significantly greater than that
in the noncontact control population (P value¼ .02).

Microhemorrhage Incidence
Of 78 football players, 2 subjects developed new microhemor-
rhages during the season they were observed (subjects 72 and 75).
Based on these results, the incidence of microhemorrhage among
adolescent football players after one season is 2.56% (95%
confidence interval, 0.31%–8.96%). None of the 27 noncontact
controls developed microhemorrhages. This study did not
demonstrate a greater incidence of microhemorrhage in ado-
lescent football players compared with adolescent controls
(P value ¼ .55).

Association Between Concussion and Microhemorrhage
Using the Table, a post hoc x 2 test of independence was condu-
cted to test the association between prior concussion diagnosis
and microhemorrhage status. For analysis, subjects were consid-
ered concussed if they had self-reported a prior concussion diag-
nosis or were diagnosed with a concussion during the study.
Postseason imaging was used to assess microhemorrhage status.
No statistically significant relationship between prior concus-
sion diagnosis and microhemorrhage status was observed
(P value¼ .57).

DISCUSSION
This study demonstrates that there is a significantly greater preva-
lence of microhemorrhages in adolescent football players than in
adolescent noncontact controls, with microhemorrhages preferen-
tially occurring in older football players. Of the 13 total microhe-
morrhages, 11 were identified in high school football subjects and
2 were identified at the pre-high school level. This disparity could
reflect a greater number of high-risk head impacts over a greater
number of football seasons, or higher-magnitude head accelera-
tions seen in older, more competitive levels of play.18,19 Despite a
predilection for age, microhemorrhages did not preferentially
occur on the basis of player position.

Microhemorrhage prevalence in adolescent contact sports has
not been reported in the literature. However, several studies have
documented such rates in adult contact sport athletes. The
15.38% microhemorrhage prevalence observed in our adolescent
football population is greater than the prevalences of 9.52%,
4.21%, 2.22%, and 8.88%, reported in amateur boxers,

professional fighters, collegiate hockey
players, and former professional foot-
ball players, respectively.6,8-10 Greater
microhemorrhage prevalence in ado-
lescent football players may reflect the
unique intersection between sports-
specific biomechanics risks and a
potentially greater vulnerability to

head injury among younger athletes. Indeed, boxers and profes-
sional football players, who demonstrate the highest microhe-
morrhage rates in the literature, experience similar inertial forces,
peak translational head accelerations, and peak rotational head
accelerations.6,8-10,20 The acceleration risk of each head impact
may be further magnified in adolescent athletes with underdevel-
oped neck strength and poor tackling technique.20-22

Although the prevalence of microhemorrhages is significantly
greater in adolescent football players relative to noncontact con-
trols, this study did not establish a statistically significant difference
in incidence between groups. Across studies, microhemorrhages in
contact sport athletes are a relatively rare finding with 90.48%–
97.78% of contact sport athletes demonstrating no evidence of
microhemorrhages on SWI.6,8-10 Because microhemorrhage preva-
lence reflects the summation of incidences across broad time inter-
vals, it is feasible that microhemorrhage incidence during 1
football season does not occur with enough frequency to yield stat-
istically significant differences from controls. The abundance of
baseline microhemorrhages relative to new microhemorrhages
among our adolescent football players supports this notion and
may further suggest that head impact intensity was greater in prior,
unobserved seasons.

This study also did not establish a statistically significant rela-
tionship between concussion and the presence of microhemor-
rhages. Similarly, low microhemorrhage prevalence has been
reported following pediatric concussion,23 in amateur boxers
with no concussion history,6 and in professional fighters who
experienced a high number of concussions and knockouts.9

Despite these findings, athletes have been known to mask concus-
sion symptoms for a variety of reasons,24 and common concus-
sion symptoms like headache and dizziness are not easily
observable, if not self-reported.25 As a result, it is possible that
some concussions occurred in this study, but were not identified.
Nevertheless, our results are consistent with other studies that
report blood-brain barrier injury in contact sport athletes who ex-
hibit no concussive symptoms.6,11,12

Although the sequelae of blood product–induced neurotox-
icity and neurodegeneration are beyond the scope of this work,
blood products alter normal choroid plexus function, neuronal
electrical activity, and the composition of extracellular and cer-
ebrospinal fluid.26-28 The presence of hemorrhagic products in
the choroid plexus interstitium, paracellular spaces, and ven-
tricles curtails choroid plexus cerebrospinal fluid production
and impairs the ability of the choroid plexus to remove toxins
and catabolites from the parenchymal extracellular environ-
ment.26-28 After intraparenchymal hemorrhage, lysis of red
blood cells starts at 24 hours and lasts several days.29 Red blood
cell lysis releases hemoglobin, which is cytotoxic and results in
brain edema, oxidative damage, and free radical injury.5,30-32

Contingency table describing relationship between prior concussion diagnosis and micro-
hemorrhage status in adolescent football players

Microhemorrhage Found No Microhemorrhage Found Total
Prior concussion 3 9 12
No prior concussion 9 57 66
Total 12 66 78
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Hemoglobin is further broken down into heme and iron, which
alters cell membrane permeability and electrical conduction
and can ultimately result in cell death.5,30-32

There are several limitations of this study. Observations did not
occur in a controlled environment where all nonfootball activities
could be monitored. This limitation is especially true of subjects
who had microhemorrhages at baseline. As a result, there is the
possibility that microhemorrhages originated as a consequence of
other contact sports or other non-sports-related activities. In the
football players with baseline microhemorrhages and known sports
history, 3 subjects exclusively played football, 1 subject previously
played lacrosse and basketball, and another subject previously
played lacrosse and soccer. While a relationship may exist between
microhemorrhage development and other contact sports, all sub-
jects with microhemorrhages had a history of playing football.
Moreover, the 2 football players who developed microhemorrhages
during the football season provide evidence of at least a temporal
relationship between microhemorrhage development and football
participation.

This study is further limited by controversy within the literature
on the extent of microhemorrhage resorption. In a study of 13
combat veterans, it was found that 34% of all microhemorrhages
disappeared completely from SWI 1 year after the initial scan,33

while a longitudinal study of 26 civilians demonstrated that all
SWI microhemorrhages at baseline were still present 8 years later,
albeit with reduced volume.34 If SWI microhemorrhages become
undetectable with time, the prevalence and incidence of microhe-
morrhages in both football and control populations may be under-
reported. The imaging modalities also have some limitations. Due
to susceptibility artifacts, SWI performs poorly in revealing lesions
near bone-air interfaces. Additionally, neither SWI nor T2 imaging
can easily distinguish microhemorrhages from small cavernous
malformations. Both imaging limitations may have respectively
deflated and inflated the number of identified microhemorrhages.

CONCLUSIONS
This study demonstrates that the prevalence of microhemorrhages
in adolescent football players is significantly greater than that
observed in adolescent noncontact control athletes. Although
microhemorrhage incidence is not significantly greater in adoles-
cent football players compared with adolescent controls, there is a
temporal association between playing football and the appearance
of new microhemorrhages. Furthermore, this study does not dem-
onstrate a statistically significant relationship between concussion
diagnosis and microhemorrhage prevalence in adolescent football
players.
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COMMENTARY

Value of Advanced MR Imaging Techniques in Mild
Traumatic Brain Injury

This commentary addresses the article, “Prevalence and
Incidence of Microhemorrhages in Adolescent Football

Players.”1 The authors performed SWI in 78 adolescent football
players before and after the season. The number of examined
football players was fairly large. They found a prevalence of
microhemorrhages of 15.38% in the group, with an incidence of
2.56% per season. Concussion was evaluated by the Sports
Concussion Assessment Tool (SCAT5; https://bjsm.bmj.com/
content/bjsports/early/2017/04/26/bjsports-2017-097506SCAT5.
full.pdf) or by self-reporting history before the study. No statisti-
cally significant relationship was found between concussion and
the presence of microhemorrhages.

The article by Shah et al1 is in line with several recent works
dealing with MR imaging in mild traumatic brain injury (mTBI;
concussion). Providing noninvasive biomarkers in mTBI has
implications for any kind of contact sport such as boxing and soc-
cer and perhaps for any situation in which the human brain is
accelerated or decelerated such as in traffic collisions, starting
and landing fighter jets or rockets by pilots or astronauts, or any
kind of minor head trauma (concussion). The results are in good
accordance with other studies on SWI in mTBI.2,3 In brain
trauma, shearing forces lead to microhemorrhages, especially at
the gray-white matter boundary. However, brain damage may
also occur without the consequence of microbleeding if axonal
stretching occurs without vessel injury. Besides SWI, other
advanced techniques are currently being used as an MR imag-
ing biomarker in mTBI, such as DTI and Tract-Based Spatial
Statistics (TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS),4

measurements of cerebral perfusion and metabolism,5 and
MR volumetry.6,7

Champagne et al5 found reductions in metabolic demand de-
spite no significant changes in resting oxygen extraction.
Accordingly, hypoperfusion after sports-related mTBI might
reflect compromised brain metabolism after injury.5 In a meta-
analysis of 224 references to the terms “white matter,” “mTBI or
concussion,” and “TBSS,” Hellewell et al4 extracted 8 relevant
articles on acute (n=2), chronic (n=4), and subconcussive8

(n=2) injuries. Their most important finding was a dominant,
bilateral, increased fractional anisotropy (FA) in the superior lon-
gitudinal fasciculus, internal capsule, and arcuate fasciculus. In

subconcussion, defined as “cranial impact that does not result in
known or diagnosed concussion on clinical grounds,”8 the
changes in FA were found to be bidirectional. Hellewell et al
emphasized the possible future role of DTI in the detection of
mTBI.

In our recent study on amateur boxers,6 we found statistically
significant lower volumes in several cerebral substructures com-
pared with nonboxing individuals, such as the nucleus accum-
bens (14%), caudate nucleus (11%), globus pallidus (9%), and
cerebral white matter (9%), respectively, but there was a correla-
tion of neither total brain volume nor any volume of cerebral
substructures with intelligence quotient or years of boxing. Our
results are in good agreement with the study of Cohen et al,7 who
found brain atrophy in patients with mTBI along with a reduc-
tion of whole-brain N-acetylaspartate in MR spectroscopy. In a
study by Lui et al,9 classification algorithms using a variety of MR
imaging features, such as conventional brain imaging, magnetic
field correlation, and multifeature analysis, have been used to
define patients with mTBI.

Noninvasive acquisition of biomarkers in mTBI using MR
imaging is of growing interest due to the popularity of contact
sports such as football, as mentioned in the article by Shah et al,1

and possibly also for advisory opinions regarding the medical
and legal consequences of traffic collisions and interpersonal vio-
lence. Advanced MR imaging techniques such as SWI, DTI, MR
spectroscopy, perfusion imaging, and MR volumetry in correla-
tion to neuropsychological findings might answer a variety of
questions in this field.
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In Vivo Evaluation of White Matter Abnormalities in Children
with Duchenne Muscular Dystrophy Using DTI

V. Preethish-Kumar, A. Shah, M. Kumar, M. Ingalhalikar, K. Polavarapu, M. Afsar, J. Rajeswaran, S. Vengalil,
S. Nashi, P.T. Thomas, A. Sadasivan, M. Warrier, A. Nalini, and J. Saini

ABSTRACT

BACKGROUND AND PURPOSE: Duchenne muscular dystrophy is an X-linked disorder characterized by progressive muscle weakness
and prominent nonmotor manifestations, such as a low intelligence quotient and neuropsychiatric disturbance. We investigated
WM integrity in patients with Duchenne muscular dystrophy using DTI.

MATERIALS AND METHODS: Fractional anisotropy and mean, axial, and radial diffusivity (DTI measures) were used to assess WM
microstructural integrity along with neuropsychological evaluation in patients with Duchenne muscular dystrophy (n ¼ 60) and con-
trols (n ¼ 40). Exon deletions in the DMD gene were confirmed using multiplex ligation-dependent probe amplification. Patients
were classified into proximal (DMD Dp1401) and distal (DMD Dp140–) subgroups based on the location of the exon deletion and
expression of short dystrophin Dp140 isoform. WM integrity was examined using whole-brain Tract-Based Spatial Statistics and
atlas-based analysis of DTI data. The Pearson correlation was performed to investigate the possible relationship between neuropsy-
chological scores and DTI metrics.

RESULTS: The mean ages of Duchenne muscular dystrophy and control participants were 8.0 6 1.2 years and 8.2 6 1.4 years, respec-
tively. The mean age at disease onset was 4.1 6 1.8 years, and mean illness duration was 40.8 6 25.2months. Significant differences
in neuropsychological scores were observed between the proximal and distal gene-deletion subgroups, with more severe impair-
ment in the distal-deletion subgroup (P, .05). Localized fractional anisotropy changes were seen in the corpus callosum, parietal
WM, and fornices in the patient subgroup with Dp1401, while widespread changes were noted in the Dp140– subgroup. The
Dp1401 subgroup showed increased axial diffusivity in multiple WM regions relative to the Dp140– subgroup. No significant corre-
lation was observed between clinical and neuropsychological scores and diffusion metrics.

CONCLUSIONS: Widespread WM differences are evident in patients with Duchenne muscular dystrophy relative to healthy con-
trols. Distal mutations in particular are associated with extensive WM abnormalities and poor neuropsychological profiles.

ABBREVIATIONS: AD ¼ axial diffusivity; FA ¼ fractional anisotropy; DMD ¼ Duchenne muscular dystrophy; IQ ¼ intelligence quotient; MD ¼ mean diffu-
sivity; MDFRS ¼ Muscular Dystrophy Functional Rating Scale; MLPA ¼ multiplex ligation-dependent probe amplification; RD ¼ radial diffusivity; TBSS ¼ Tract-
Based Spatial Statistics

Duchenne muscular dystrophy (DMD), characterized by
mutations in the dystrophin (DMD) gene, results in absent/

nonfunctional muscle dystrophin, leading to progressive muscle

weakness.1 Children with DMD also have nonmotor difficulties

such as a lower intelligence quotient (IQ), reading difficulties,

and increased prevalence of neurobehavioral disturbances such

as anxiety, autism spectrum disorder, and obsessive compulsive

disorder.2-4 Very few studies have attempted to study the rela-

tionship between neurobehavioral abnormalities and neuroana-

tomic changes.5-7

The DMD gene contains multiple independent tissue-specific
promoters, producing several isoforms named according to their

length and splicing patterns. The isoform Dp427m is predomi-

nantly expressed in the muscles and plays a pivotal role in struc-

tural integrity of muscle fibers, the isoform Dp427c is expressed

in the cerebral cortex, hippocampus and Dp427p is mainly

expressed in the Purkinje cells. The Dp140 isoform is believed to
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be expressed in the CNS during development, while Dp71 is

expressed in both the CNS and other body tissues.8,9

Neuropsychological impairment in DMD is characterized by
verbal deficits with relative sparing of nonverbal domains.10

Patients with DMD with an absence of all isoforms due to distal
mutations have the lowest IQ scores, while those with the absence
of only the full-length isoform achieve relatively higher scores.
Moreover, children with DMD lacking Dp140 isoforms demon-
strate impaired verbal memory, attention, and executive function
and may develop various neurodevelopmental abnormalities.3,6,11

Neuroimaging studies have revealed structural and functional
brain abnormalities,6 with MR spectroscopy12 and PET13 show-
ing metabolic derangement. Evidence is also accruing for brain
regional volume differences,14 blood oxygen level–dependent sig-
nal abnormalities,14 and altered WM integrity as measured using
DTI.6 Furthermore, recent imaging studies have highlighted less
severe structural abnormalities in patients with retained Dp140
expression compared with those lacking it.6,7

This study aimed to comprehensively evaluate brain changes
in a larger cohort of children with DMD and further it by probing
group-level differences in WM abnormalities in 2 major subtypes
based on Dp140 expression, using DTI as the tool. We hypothe-
size that patients with retained Dp140 (Dp1401) expression will
have relatively preserved WM compared with that in patients
with loss of the Dp140 (Dp140–) isoform.

MATERIALS AND METHODS
This prospective study included subjects (total¼100, healthy
controls [n ¼ 40], and patients with DMD [n ¼ 60]) identi-
fied at the Neuromuscular Disorders Clinic at National
Institute of Mental Health and Neurosciences. The institu-
tional ethics committee of National Institute of Mental
Health and Neurosciences (NIMHANS) approved this study.
Written informed consent was obtained from the parents or
guardian and child.

The diagnosis was based on clinical presentation, including
delayed motor milestones, proximal weakness, hypertrophied
calves, markedly elevated creatine kinase levels, and the presence
of deletions detected using the multiplex ligation-dependent
probe amplification (MLPA) test. Right-handed boys 6–10 years
of age without any coexistent medical illness, who were ambulant,
attending school, and cooperative for MR imaging and neuropsy-
chological assessment were recruited.

Muscle power was assessed using manual muscle testing
according to the modified Medical Research Council Scale for
Muscle Strength, and disease severity was estimated using the
Muscular Dystrophy Functional Rating Scale (MDFRS).

Exclusion criteria were severe mental retardation or suspected
dystrophinopathy without obvious deletions. The healthy control
children matched for age/sex, education, ethnicity, and social sta-
tus were recruited from the nearby schools after obtaining ap-
proval from the school education officer and necessary consent
from the parents. Subjects recruited to the control group under-
went a brief neurologic examination by an expert neurologist
with 20 years of experience (A.N.), and children with any psychi-
atric or neurologic comorbidity were excluded.

MLPA
Blood samples were collected in ethylenediaminetetraacetic
acid–coated vacutainers; genomic DNA was extracted using
the salting out method and stored at �20°C until tested.15 The
MLPA reaction was performed to screen all exons of the DMD
gene using SALSA MLPA, P034, and P035 probe sets (MRC
Holland). The procedure was performed according to the
manufacturer’s instructions. Amplified products were sepa-
rated using a 3500XL Genetic analyzer (Applied Biosystems),
and data were analyzed using the Coffalyser software (https://
coffalyser.updatestar.com/) with a control sample included in ev-
ery run.

Genetic results pertaining to the type and location of exon de-
letion were analyzed, and children were classified into 3 groups:
DMD Dp1401, DMD Dp140–, and controls. The expression of
the Dp140 isoform was based on the universal mutation DMD
data base, a French knowledge base derived from functional stud-
ies that predicted the effect of several mutations (http://www.
umd.be/DMD/4DACTION/W_ISO/L).

Neuropsychological Assessment
The battery of neuropsychological tests included the Edinburgh
Handedness Inventory,16 Functional Disability Inventory, Parent
Form,17 Wechsler-Intelligence Scale for Children (3rd ed, WISC-
III, 1991), Rey Auditory Verbal Learning Test (WHO/UCLA
Version), and Memory for Designs Test.18 The WISC-III was
used to measure verbal IQ, performance IQ, full-scale IQ, verbal
comprehension, the Perceptual Organization Index, and the
Freedom from Distractibility Index in all children.

MR Imaging
MR imaging was performed using a 3T clinical scanner (Achieva;
Philips Healthcare) and a 32-channel head coil. High-resolution
3D turbo field echo T1-weighted images were acquired (TR/TE ¼
9.8/4.6ms, and spatial-resolution¼ 1� 1 � 1 mm). The single-
shot spin-echo echo-planar DTI sequence was performed with the
following parameters: TR/TE¼ 5000/65ms; resolution ¼ 2.0 �
2.0 � 2.0 mm; noncoplanar diffusion directions ¼ 15; b-values¼
0 and 1000 s/mm2; and 2 repetitions, with a total scanning time of
4minutes 36 seconds.

DTI Data Processing and Analysis
Diffusion data analysis was performed using FMRIB Software
Library tools (www.fmrib.ox.ac.uk/fsl), Version 5.0.11. Raw diffu-
sion tensor images were preprocessed using eddy current correc-
tion for distortions. Group comparisons of DTI data were
performed using Tract-Based Spatial Statistics (TBSS; http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/TBSS). DTI-derived maps (fractional
anisotropy [FA], mean diffusivity [MD], axial diffusivity [AD],
and radial diffusivity [RD]) were generated using the FMRIB
Diffusion Toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT).
Individual skull-stripped FA images were aligned with
Montreal Neurological Institute 152 standard space using a
nonlinear registration method, followed by the creation of a
group mean FA skeleton by thinning mean FA volumes (FA.

0.2 overlaid with the mean FA image). The mean FA skeleton
represents the centers of all tracts common to the entire group
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of subjects. Each subject’s aligned FA data were then projected
onto the mean FA skeleton, and the resulting data were fed into
voxelwise paired-sample testing. A voxel-by-voxel permutation
nonparametric test (5000 permutations) was used to assess
group-related differences using threshold-free cluster enhance-
ment, which avoids using an arbitrary threshold for the initial
cluster formation. In addition to FA, a similar process of non-
linear registration and voxelwise comparison was performed to
determine the differences in MD, AD, and RD maps. For all
tests, a null distribution was built up over 5000 permutations,
and significance was tested at a P value corrected for multiple
comparisons. To assess the relationship between neuropsycho-
logical test scores and each of the DTI measures, we used an
FSL General Linear Model (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
GLM). Statistical analysis was performed using the FSL
Randomise tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise/
UserGuide), with age as a nuisance variable and 5000 permuta-
tions; results were considered significant at P, .01 (family-wise
error–corrected).19,20

Atlas-Based Analysis of Major WM Tracts
Multiple WM ROIs were defined using the JHU-White Matter
Atlas (http://neuro.debian.net/pkgs/fsl-jhu-dti-whitematter-atlas.
html), which is a probabilistic atlas generated by mapping DTI
data from healthy subjects to a template image. The mean diffu-
sion metric values of each ROI for individual subjects were
extracted.

Statistics
Continuous variables are expressed as mean6 SD, and categoric
variables, as frequencies and percentages. Demographic and neu-
ropsychological data were tested for normality using the
Kolmogorov-Smirnov test. Comparisons were performed using
an independent-samples t test or the Wilcoxon signed rank test
based on the normality of the distribution of the data. SPSS,
Version 21.0 (IBM) was used for statistical computation. One-
way analysis of variance with multiple comparisons using a
Bonferroni post hoc test was performed to evaluate the differen-
ces in neuropsychological data and WM tract diffusion metrics
between age- and-sex-matched controls and subjects with DMD
(proximal and distal mutations). All mean diffusion metric values
of various tracts were tested for potential associations with dis-
ease duration, IQ, and Auditory Verbal Learning Test and
Memory for Designs Test scores. Scores were adjusted for age

using linear regression, and the resulting standard residuals were
used for correlation. The Pearson correlation coefficient was
computed, and the significance threshold was P, .01. The 95%
confidence intervals of the estimated parameters were also com-
puted wherever applicable.

RESULTS
The mean age of patients with DMD and controls was 8.0 6 1.2
and 8.2 6 1.4 years, respectively. The mean age at disease onset
was 4.1 6 1.8 years, and the mean illness duration was 40.8 6

25.2months. The mean MDFRS scores are shown in Table 1.
Children with upstream exon 45 (1–44) and downstream exon 45
(45–79) were subgrouped as proximal DP1401 (n¼ 21) and dis-
tal deletions DP140– (n ¼ 39), respectively. Fifty-eight patients
were on steroid treatment with a mean treatment duration of
9.5 6 8.6months (range , 1–37 months). Clinical information is
summarized in Table 1. Mean MDFRS scores and individual do-
main scores were compared between the proximal- and distal-de-
letion subgroups; the distal subgroup had lower MDFRS scores.
A statistically significant difference in mobility and impairment
domains and overall mean MDFRS score was observed between
subgroups of children with DMD (proximal ¼ 104.13 6 7.635
and distal ¼ 96.41 6 11.112, P, .05). No significant differences
were noted in the dose and duration of steroid treatment between
the 2 subgroups. The neuropsychological examination scores and
values of the WISC-III scale are summarized in On-line Tables 1
and Table 2, respectively.

TBSS Results
Comparison of DTI Metrics between Children with DMD
(Proximal and Distal Mutations) and Healthy Controls. TBSS
analysis comparing all patients with DMD and controls demon-
strated widespread WM alterations involving both the supra- and
infratentorial WM (Fig 1). There was a significant increase in
MD and RD values in the WM of patients compared with con-
trols. Focal areas of significant reduction in FA included the cor-
pus callosum, superior longitudinal fasciculus, superior and
inferior fronto-occipital fasciculus, corticospinal tract, and unci-
nate fasciculus in patients compared with controls.

Comparison of DTI Metrics between DMD Proximal (Dp140+)
and Healthy Controls. No significant differences were observed
in any of the diffusivity parameters. FA was significantly higher
in healthy controls than in patients in the bilateral fornices, the

Table 1: Clinical characteristics and MDFRS scores

Patients with DMD (Range) Controls (Range)
Age at recruitment (mean) (yr) 8.0 6 1.2 (6–10) 8.2 6 1.4 (6–10)
Age at onset (mean) (yr) 4.1 6 1.8 (1–9)
Age at presentation (mean) (range) (yr) 7.5 6 1.4 (4–10)
Duration (mean) (mo) 40.8 6 25.2 (6–120)
MDFRS domains (mean)
Mobility (maximum 36) 24.35 6 3.272 (15–30)
Basic ADL (maximum 24) 18.77 6 2.547 (12–25)
Arm function (maximum 28) 22.07 6 1.885 (19–25)
Impairment (maximum 44) 34.18 6 3.568 (23–40)
Total score (maximum 132) 99.37 6 10.55 (69–117)

Note:—ADL indicates activities of daily living; MDFRS, Muscular Dystrophy Functional Rating scale.
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body of the corpus callosum, and parie-
tal WM (Fig 2). Because only FA
changes were seen, we used a less strin-
gent threshold of P, .05 to evaluate
trends in diffusivity metrics. We noted
trends in RD maps using a less strin-
gent threshold of P, .05 family-wise
error–corrected, while other diffusivity
metrics showed no changes.

Comparison of DTI Metrics between
DMD Distal (Dp140–) and Healthy
Controls. A widespread increase in
diffusivity indices was noted in the
form of increased MD, AD, and RD
involving predominantly cerebellar,
occipital, and parietotemporal WM
regions with relative sparing of the
frontal WM (Fig 3). No significant
difference in FA was noted; how-
ever, at a reduced threshold
(0.01, P ,.05), lower FA was seen
in the corpus callosum, corticospinal
tract, left superior longitudinal fas-
ciculus, inferior longitudinal fasci-
culus, and fornices.

Comparison of DTI Metrics between
DMD Distal (Dp140–) and Proximal
(Dp140+) Subgroups. Significantly
higher AD values were noted in the
right occipital-temporal WM, corpus
callosum, and cerebellar WM in the
DMD distal (Dp140–) than in the
DMD proximal (Dp140–) subgroup.

Table 2: Comparison of the intelligent quotient (IQ) values of WISC-III scale between the two patient subgroups (DMD proximal
and distal), and healthy controls

SN Test Group (I) Group (J) Difference (I-J) Significance
95% CI, Lower-to-
Upper Bounds

1. Verbal IQ Control Proximal 17.258a .000 8.79–25.73
Distal 29.699a .000 22.27–37.12

Proximal Distal 12.441a .002 3.76–21.12
2. Performance IQ Control Proximal 15.350a .000 6.88–23.82

Distal 24.442a .000 17.01–31.87
Proximal Distal 9.092a .037 0.41–17.77

3. Full-scale IQ Control Proximal 18.238a .000 9.50–26.98
Distal 30.141a .000 22.48–37.81

Proximal Distal 11.903a .005 2.95–20.86
4. Verbal Composition Control Proximal 17.608a .000 9.32–25.90

Distal 27.612a .000 20.34–34.88
Proximal Distal 10.005a .015 1.51–18.50

5. Perceptual Organization
Index

Control Proximal 15.352a .000 7.47–23.23
Distal 23.272a .000 16.37–30.18

Proximal Distal 7.920 .056 –0.15–15.99
6. Freedom from

Distractibility Index
Control Proximal 8.183 .092 –0.90–17.26

Distal 23.293a .000 15.33–31.26
Proximal Distal 15.110a .000 5.80–24.41

Note:—SN indicates serial number.
a level of significance.

FIG 1. DTI TBSS analysis comparing healthy controls with patients with DMD shows areas with
significantly (P, .01, family-wise error corrected) decreased FA and increased MD and RD in
patients with DMD. Green represents the WM skeleton, while red and maroon are clusters of
significance.
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However, no significant difference was seen in MD, RD, and
FA between these 2 subgroups (P, .01).

No significant correlations were identified between WM
abnormalities and clinical severity, disease duration, or IQ.

Atlas-Based WM Analysis
Controls versus Patients with DMD (Dp140+). Significantly
reduced FA was observed in multiple tracts in patients with
DMD with a proximal mutation, while MD was not found to be
significantly different in this group (P, .01) (On-line Table 2).

Controls versus Patients with DMD
(Dp140–). No significant change in FA
was noted in the patients with DMD
with distal mutation, while higher MD
values were seen in multiple tracts,
listed in On-line Table 2 (P, .01).

Comparison between DMD (Dp140+)
and DMD (Dp140–) Patient Sub-groups.
No significant difference in FA or MD
was observed between the distal and
proximal mutation subgroups (P, .01).

DISCUSSION
This study revealed lower IQ and
neuropsychological abnormalities in
patients with DMD, which were more
severe in the distal mutation Dp140–
subgroup. DTI analysis revealed wide-
spread WM alterations in both supra-
tentorial and infratentorial regions.
Comparison of proximal and distal
mutation subgroups with healthy con-
trols using TBSS revealed significantly
higher MD, RD, and AD values in the
Dp140– subgroup, whereas patients in
the Dp1401 subgroup demonstrated
spatially localized altered FA values
with no significant changes in MD.
Similar findings were also detected in
an atlas-based analysis of tract diffu-
sion metrics.

DMD is a debilitating disorder
characterized by progressive muscle
weakness and skeletal deformities,
followed by an inexorable course to
severe respiratory difficulties and
overall reduced life span.1 Although
the clinical phenotype exemplified
by muscular manifestations is the
dominant phenomenon, earlier stud-
ies have identified significant non-
motor features. Neuropsychological
evaluation in these patients has dem-
onstrated impaired language and
memory and executive dysfunction,
which may possibly be dependent on

the site of mutation.3,11,21-23 Specifically, the absence of the
Dp140 isoform may lead to severe neuropsychological
abnormalities.3,11

Kim et al24 have reported that the brains of patients with
DMD are devoid of the 427 kDa cortical dystrophin protein.
While the functions of dystrophin in the brain have not been cat-
egorically described, studies have indicated that the isoform
Dp427 is involved in the organization of gamma-aminobutyric
acid A receptors and possibly plays a role in signaling. The func-
tions of the shorter isoforms, Dp140 and Dp71, expressed in glial

FIG 2. Healthy control versus DMD (distal) Dp140– TBSS results. RD (A), MD (B), and AD (C) are
significantly increased in patients compared with healthy controls in both the cerebellar WM and
cerebral WM with relative sparing of the frontal WM (P, .01 family-wise error–corrected). D, FA
did not show any significant differences; however, the trend was noted because many areas
showed FA differences at the less conservative statistical threshold of P, .05 (family-wise error–
corrected). Green represents the WM skeleton, while red and maroon are clusters of significance.
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cells adjacent to the microvasculature,25 have not been elucidated.
Dp140, given its expression during the early developmental stages
of the brain, is purported to modulate axon guidance, transcription
factor activity, and neuron differentiation.9 Postmortem studies in
patients with DMD have illustrated pathologic changes such as
astrogliosis, neuronal loss, heterotopia, and cortical abnormalities
in patients with DMD.26,27 Functional and quantitative neuroi-
maging studies have revealed multiple abnormalities in DMD
brains. Hippocampal and cerebellar hypometabolism has been
documented on PET in DMD.13 Resting-state fMRI has elucidated
reduced local synchronization of spontaneous activity in the neural
networks of the motor cortex.14 Brain MR spectroscopy observa-
tions have been varied, with altered choline and phosphorus
metabolite concentrations in DMD having been described in a few
studies,12,28-30 while no significant changes were demonstrable in
another study.31 Recently, Doorenweerd et al6 reported significant
brain morphometric changes along with altered WM integrity in
patients with DMD. Another study from this group also showed
reduced cortical perfusion in DMD, independent of cortical atro-
phy.5 However, visual inspection of neuroimaging is usually
unremarkable.

DTI measures are surrogate markers of WM integrity, ie,
directional WM integrity (FA), tissue breakdown and increased
water content (AD), and axonal integrity and myelin sheaths (RD
and AD). In our study, we found increased diffusivity along with
reduced WM FA in patients with DMD. The Dp140– subgroup
showed extensive WM diffusivity alterations with relatively local-
ized FA changes, suggesting that diffusion changes along the
direction of the major axis (AD) are commensurate with those of
the minor axes (RD).32 In contrast, the Dp1401 subgroup illus-
trated a relatively preserved WM structure. Doorenweerd et al6

reported extensive WM changes in the diffusivity metrics and less

extensive changes in FA, and altera-
tions were more widespread and
severe in the distal mutation group.
Contrary to these results, another
study using ROI-based analysis found
only focal abnormality in the splenium
of the corpus callosum.7

Our study is similar to the study of
Doorenweerd et al;6 however, they
had a very small sample size, studied
older children with a wide age range,
and performed both voxel-based mor-
phometry and DTI analysis. Our study
participants were much younger, and
the age range was narrower. Another
study by Fu et al7 used only 12 subjects
with DMD and performed ROI-based
analysis. No subgroup analysis was
performed on the basis of the underly-
ing genotype.

Multiple pathophysiologic phe-
nomena like demyelination, WM re-
organization, increased membrane
permeability with excess free water,
intracellular compartment changes,

and glial alterations modulate diffusivity.33 Myelination abnor-
malities may be a candidate mechanism altering DTI metrics in
patients with DMD as shown by Aranmolate et al34 in the mdx
mouse model of DMD. Oligodendrocytes require dystrophin for
normal maturation, which, in the case of the mdx murine model,
is lacking, potentially explaining the observation of impaired
myelination. Another study of the mdx mouse model showed
that increased extracellular free water led to increased blood-
brain barrier permeability, resulting in increased MD and
decreased FA.35 This mechanism is also supported by studies that
have demonstrated increased vascular endothelial growth factor
and enhanced matrix metallopeptidase 2 (MMP-2) and -9 expres-
sion, along with endothelial dysfunction in animal models of
DMD.36-38

We did not observe any significant voxelwise correlation
between any of the neuropsychological examination scores and
WM alterations revealed by the DTI metrics. However, we did
notice poor neuropsychological scores along with impaired WM
integrity in the patients in the Dp140– subgroup. The lack of a
correlation between WM changes and the extent of neuropsycho-
logical examination abnormalities needs to be resolved. Similarly,
a lack of correlation between clinical and radiologic parameters
was observed in the DTI study by Doorenweerd et al.6 However,
another study did identify a significant correlation between clini-
cal scores and DTI metrics of the corpus callosum.7

In the current study, most patients were receiving steroids at
the time of evaluation. Steroids can potentially confound DTI
results; a few studies in patients with Cushing disease have shown
reduced integrity of the cerebral WM.39,40 However, no signifi-
cant difference was noted in the duration or dose of steroids in
the patients in the 2 subgroups, which suggests that the observed
differences in the DTI metrics were most likely due to the

FIG 3. (A) Healthy controls versus DMD (proximal) Dp1401: TBSS for FA shows significantly lower
FA in the patient group in the areas highlighted in red (P, .01). No significant differences in any
of the diffusivity metrics are noted. (B) DMD distal (Dp140–) versus DMD proximal (Dp1401): TBSS
shows higher AD in patients with a distal mutation involving the cerebellar WM and right occipi-
toparietal-temporal WM. The rest of the diffusion metrics did not show any significant
difference.
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primary disease and not steroid intake. Steroids partly alleviate
intellectual impairment in patients with DMD41 as well as reverse
BBB dysfunction and may increase the levels of shorter isoforms
of dystrophin, as demonstrated in animal studies.42 Longitudinal
studies are required to document the time course of the effects of
steroidal treatment.

The limitations of the current study include the relatively
low directional resolution of DTI. However, considering the
pediatric population’s proneness to motion, a relatively shorter
EPI sequence protocol like ours was considered robust.
Accelerating acquisition using a multiband technique holds
promise for the future to obtain high-resolution multishell
imaging data for structural connectomics analyses and multi-
compartment modeling.

CONCLUSIONS
Children with DMD show widespread structural WM changes,
which are more severe and widespread in children with distal
mutations. Children with distal mutations have more severe
abnormal findings in neuropsychological tests compared with the
children with proximal mutations.
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ORIGINAL RESEARCH
PEDIATRICS

Automatic Machine Learning to Differentiate Pediatric
Posterior Fossa Tumors on Routine MR Imaging

H. Zhou, R. Hu, O. Tang, C. Hu, L. Tang, K. Chang, Q. Shen, J. Wu, B. Zou, B. Xiao, J. Boxerman,
W. Chen, R.Y. Huang, L. Yang, H.X. Bai, and C. Zhu

ABSTRACT

BACKGROUND AND PURPOSE: Differentiating the types of pediatric posterior fossa tumors on routine imaging may help in preopera-
tive evaluation and guide surgical resection planning. However, qualitative radiologic MR imaging review has limited performance. This
study aimed to compare different machine learning approaches to classify pediatric posterior fossa tumors on routine MR imaging.

MATERIALS AND METHODS: This retrospective study included preoperative MR imaging of 288 patients with pediatric posterior
fossa tumors, including medulloblastoma (n¼ 111), ependymoma (n¼ 70), and pilocytic astrocytoma (n¼ 107). Radiomics features
were extracted from T2-weighted images, contrast-enhanced T1-weighted images, and ADC maps. Models generated by standard
manual optimization by a machine learning expert were compared with automatic machine learning via the Tree-Based Pipeline
Optimization Tool for performance evaluation.

RESULTS: For 3-way classification, the radiomics model by automatic machine learning with the Tree-Based Pipeline Optimization
Tool achieved a test micro-averaged area under the curve of 0.91 with an accuracy of 0.83, while the most optimized model based
on the feature-selection method x 2 score and the Generalized Linear Model classifier achieved a test micro-averaged area under
the curve of 0.92 with an accuracy of 0.74. Tree-Based Pipeline Optimization Tool models achieved significantly higher accuracy
than average qualitative expert MR imaging review (0.83 versus 0.54, P, .001). For binary classification, Tree-Based Pipeline
Optimization Tool models achieved an area under the curve of 0.94 with an accuracy of 0.85 for medulloblastoma versus nonme-
dulloblastoma, an area under the curve of 0.84 with an accuracy of 0.80 for ependymoma versus nonependymoma, and an area
under the curve of 0.94 with an accuracy of 0.88 for pilocytic astrocytoma versus non-pilocytic astrocytoma.

CONCLUSIONS: Automatic machine learning based on routine MR imaging classified pediatric posterior fossa tumors with high ac-
curacy compared with manual expert pipeline optimization and qualitative expert MR imaging review.

ABBREVIATIONS: AUC ¼ area under the curve; AutoML ¼ automatic machine learning; CHSQ ¼ x 2 score; EP ¼ ependymoma; MB ¼ medulloblastoma;
ML ¼ machine learning; PA ¼ pilocytic astrocytoma; TPOT ¼ Tree-Based Pipeline Optimization Tool

Among childhood malignancies, pediatric brain tumors are
the second most common and the leading cause of death

from solid tumors.1,2 Posterior fossa tumors make up a dispro-
portionate portion of brain tumors in the pediatric population,
accounting for 54%–70% of tumors compared with ,20% in the
adult population.3 The most common subtypes of posterior fossa
tumors among children are medulloblastoma (MB), pilocytic
astrocytoma (PA), and ependymoma (EP).4,5 Discrimination of
these 3 malignancies is important due to the differing natural
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histories and prognoses for each. Accurate preoperative diagnosis
could also help in preoperative evaluation and guide surgical
planning for patients with different types of tumors.5,6 MR imag-
ing review is essential for tumor diagnosis and evaluation.
However, it is usually far from being a criterion standard, which
is diagnosis by histology.

The rapid growth in the field of medical image analysis in the
past decade has facilitated the development of radiomics, which
converts digital images to mineable data via high-throughput
extraction of a large number of quantitative features.7 The radio-
mics model has the potential power to improve predictive per-
formance8 and has been used to improve the differentiation
among different brain tumors such as glioblastoma and anaplas-
tic oligodendroglioma,9 and metastatic brain tumors.10 However,
there have been few studies exploring the classification of pediat-
ric posterior fossa tumors using a radiomics analysis on clinical
routine MR imaging.

Machine learning (ML) is a method of data analysis that auto-
mates analytic model building. It is a branch of artificial intelli-
gence in which systems are designed to learn from data, identify
patterns, and make decisions with minimal human interven-
tion.11 In recent years, machine learning approaches for radio-
mics feature selection have developed rapidly. However, few
studies have compared these recently developed feature-selection
methods and predictive modeling methods.12 Therefore, selection
of the most accurate ML pipeline often requires extensive manual
testing by an expert in machine learning.

The Tree-Based Pipeline Optimization Tool (TPOT; https://
pypi.org/project/TPOT/) is a specific open-source form of auto-
mated machine learning (autoML) that automatically chooses the
most optimal machine learning pipeline without the need for
human intervention.13,14 TPOT has been benchmarked on many
simulated and real-world supervised classification tasks.14

However, performance of automated TPOT still needs to be
proved in different types of data by comparison with manually
optimized feature selection and classification.

The primary goal of our study was to investigate the value of
autoML (TPOT) to differentiate the main types of pediatric pos-
terior fossa tumors on routine MR imaging and to compare its
performance with manual expert optimization and qualitative
expert MR imaging review.

MATERIALS AND METHODS
Patient Cohort
All patients included were newly diagnosed with histologically
confirmed MB, EP, or PA from 4 large academic hospitals in the
Hunan Province in China from January 2013 to December 2018.
The study was approved by the institutional review boards of all
participating institutions. The inclusion criteria were the follow-
ing: 1) pathologically confirmed MB, EP, or PA; 2) available pre-
operative MR imaging examination including a T1-weighted
contrast-enhanced sequence, a T2-weighted sequence, and ADC
maps; and 3) quality of the images adequate for analysis, without
motion or artifacts. All patients included in the analysis did not
undergo any treatment before MR imaging. Patients’ age and sex
were collected and incorporated into the radiomics analysis as
clinical variables.

MR Imaging Acquisition
The MR imaging was performed using 3T scanners (Magnetom
Trio, Siemens, n¼ 168 patients; Achieva, Philips Healthcare,
n¼ 87) or 1.5T scanners (Avanto, Siemens, n¼ 33). The main
MR imaging protocols across hospitals used in our study are
listed in On-line Table 1. ADC images were calculated from
acquired DWI with b-values of 0- and 1000-s/mm2.

Image Segmentation
MR images of all patients were loaded into 3D Slicer software
(Version 4.10; http://www.slicer.org), which was used as a user-
driven manual active contour-segmentation tool to segment tumor
volumes. ROIs were manually drawn section by section on the
T2WI, T1WI contrast-enhanced sequence, and ADC images by 2
authors (H.Z., with 7 years of clinical experience in neuroradiology,
and L.T., with 5 years of clinical experience in neuroradiology).
The ROIs defined in our study include both the enhancing and
nonenhancing components of tumor as well as peritumoral edema.
On-line Figure 1 shows an example of ROI delineation on a T1WI
contrast-enhanced sequence, T2WI, and ADC maps. The intra-
class correlation coefficient value was used to assess interobserver
reproducibility of generated masks.

Radiomics Feature Extraction
Radiomics features were extracted from each patient’s MR imag-
ing for the T1WI contrast-enhanced sequence, T2WI, and ADC
maps. For each image space, 79 nontexture (morphology and in-
tensity-based) and 94 texture features were extracted according to
the guidelines defined by the Image Biomarker Standardization
Initiative.15 Each of the 94 texture features was computed 32 times
using all possible combinations of the following extraction parame-
ters, a process known as “texture optimization”:16 1) isotropic vox-
els of 1, 2, 3 , and 4mm; 2) a fixed bin number discretization
algorithm, with and without equalization; and 3) the number of
gray levels of 8, 16, 32, and 64 for a fixed bin number. A total of
791 32 � 94 or 3087 radiomics features were thus computed in
this study. All the features were normalized using unity-based nor-
malization, and features from the T1WI contrast-enhanced
sequence, T2WI, and ADCmaps were combined into 1 dataset.

Radiomics Model Building and Analysis
Before radiomics analysis, all included tumor cases were ran-
domly divided into a training set (70% of cases) and testing set
(30% of cases). All the radiomics features extracted above with
clinical variables (age and sex) were incorporated to train multi-
class models for MB, EP, and PA. Different binary models were
trained for MBs versus non-MBs, EPs versus non-EPs, and PAs
versus non-PAs. An automated optimized pipeline was computed
on the dataset by TPOT, which chooses the most optimal
machine learning pipeline for an inputted dataset through genetic
programming.17 The following settings were used in the optimi-
zation process: number of generations, 5; population size, 5; and
5-fold cross-validation on the training set. In this study, the
TPOT pipeline was replicated 10 times to yield 10 different mod-
els for comparison. The model with the best performance was
finally selected and tested on the testing set.

1280 Zhou Jul 2020 www.ajnr.org

https://pypi.org/project/TPOT/
https://pypi.org/project/TPOT/
http://www.slicer.org


For the manual expert optimized pipeline, radiomics features
were selected for training using 13 different feature-selection
methods to reduce the dimensionality of the datasets. Ten
machine learning classifiers were trained to yield diagnostic mod-
els. Details of the feature-selection methods and classifiers used
are shown in On-line Table 2. Each classifier was trained on the
training set 13 times using 13 different feature-selection methods
and was validated through 5-fold cross-validation. Classifiers
were trained on 10, 20, 50, and 100 selected features, and per-
formances on the training set were recorded. The best-perform-
ing models on the training set were then tested on the final
testing set. When there were multiple combinations with the
same cross-validation results on the training set, the combination
with the best performance on the testing set was selected. In addi-
tion to performance, the stability of classifiers was recorded. The
relative SD for classifier stability was calculated. More details and
the results of the stability calculations can be found in On-line
Table 3. Figure 1 provides the workflow of the machine learning
algorithms used in this study.

Expert Evaluation
The final performance of the model on the test set was compared
with 2 expert radiologists’ interpretations: Q.S. and J.W. with 7
and 5 years of experience reading brain MR imaging, respectively.
The experts were blinded to all clinical data and histopathologic
information.

Statistical Analysis
The following performance metrics were calculated for binary
classification: area under receiver operating characteristic curve
(AUC), accuracy, sensitivity, and specificity. For multiclass (3-
way) classification, micro-averaged AUC, accuracy, sensitivity,
and specificity were calculated. The micro-average aggregated the
contributions of all classes to compute the average metric, which
is more preferable when dealing with multiclass classification.18

The 95% confidence intervals on accuracy, sensitivity, and speci-
ficity were calculated using the adjusted Wald method.19 The P
values were calculated using the binomial test. A P value , .05
was considered statistically significant.

Code Availability
The implementation of the radiomics feature extraction was
based on the “radiomics-develop” package from the Naqa Lab at
McGill University.16 This code is available for public use on
GitHub at https://github.com/mvallieres/radiomics-develop. The
implementation of the machine learning models was based on
the scikit-learn package of Python at https://github.com/scikit-
learn/scikit-learn. The Auto-ML script used the TPOT package
from the Epistasis Lab.17 This code is publicly available at https://
github.com/subhanik1999/Radiomics-ML.

RESULTS
Patient Characteristics
A total of 288 patients with pediatric posterior fossa tumors (111
MBs, 70 EPs, and 107 PAs) were included in the study cohort.
The mean age of all patients was 8.6 years, ranging from 0.25 to
18 years. The mean ages of patients with MB, EP, and PA were

9.0, 9.1, and 7.9 years, respectively (P= .291). There were 161
males and 127 females for the whole cohort. The sex ratio for
each type of tumor (male/female) was 65:46, 36:34, and 60:47,
respectively (P= .640).

Agreement of Segmentation
For each case in the study, the average required time for seg-
mentation was about 10minutes. The average intraclass cor-
relation coefficient between the 2 segmenters was 0.91 for
T2WI, 0.92 for the T1WI contrast-enhanced sequence, and
0.86 for ADC.

Multiclass Classification for 3 Tumors (MB versus EP
versus PA)
For the TPOT pipeline, 10 separate models were generated for dif-
ferentiation of the 3 tumor types. Overall, all 10 models showed a
favorable micro-averaged AUC on the training set (On-line Table
4). Model 8 achieved the best performance with the highest micro-
averaged AUC (0.93) among the 10 models. The parameters of all
the TPOT models are described in detail in On-line Table 4. The
top 20 important radiomics features are listed in On-line Table 5.
In the testing cohort, the best model (model 8) achieved a micro-
averaged AUC of 0.91 and an accuracy of 0.83 (95% CI, 0.72–0.90).
The sensitivity and specificity of the diagnostic model for each type
of tumor are shown in Table 1.

For manual expert optimization, micro-averaged AUC scores
on the training set from each combination of feature-selection
method and classifier are shown in On-line Fig 2. The combina-
tion of x 2 score (CHSQ) as the feature-selection method and the
FSL General Linear Model (GLM; http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/GLM) as the classifier achieved the highest micro-aver-
aged AUC of 0.93 on the training set. As the top-performing
model, CHSQ 1 GLM was then tested on the final test set and
achieved a test micro-averaged AUC of 0.92 and accuracy of 0.74
(95% CI, 0.62–0.83). The sensitivity and specificity of the diag-
nostic model for each type of tumor are shown in Table 1. The
top 20 important radiomics features used by the CHSQ 1 GLM
model are shown in On-line Table 6.

Binary Classification
For the TPOT pipeline, 30 separate models were generated for
the binary classification of MB versus non-MB, EP versus non-
EP, and PA versus non-PA (10 models in each classification).

The performances of all the models on the training set are
shown in On-line Table 7. Among all models, model 9 for MB
versus non-MB, model 8 for EP versus non-EP, and model 7 for
PA versus non-PA achieved the highest AUCs (0.97, 0.84, and
0.96 respectively). The parameters of all the TPOT models are
described in detail in On-line Table 7. Then the best models were
tested on the test set, and performances were as follows: For all 3
binary classifications, the AUC ranged from 0.84 to 0.94, accu-
racy ranged from 0.80 to 0.88, sensitivity ranged from 0.52 to
0.95, and specificity ranged from 0.81 to 0.93. The test perform-
ances for all 3 models are reported in detail in Table 2.

For manual expert optimization, the AUC scores from each
combination of feature-selection method and classifier are
shown in On-line Figs 3–5. The combinations of feature-
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selection method and classifier that achieved the highest
AUCs on the training set for the 3 different binary classifica-
tions are as follows: Relief 1 support vector machine (AUC¼
0.97) for MB versus non-MB, joint mutual information 1

neural network (AUC¼ 0.79) for EP versus non-EP, and
CHSQ 1 GLM (AUC¼ 0.96) for PA versus non-PA. The
models Relief 1 support vector machine, joint mutual infor-
mation 1 neural network, and CHSQ 1 GLM with the best
performance on the training set above were then tested on
the final testing set. For all 3 binary classifications and their
optimal feature-selection method-classifier combination, the
AUC ranged from 0.70 to 0.98, accuracy ranged from 0.71 to

0.91, sensitivity ranged from 0.19 to 0.96, and specificity
ranged from 0.88 to 0.95. The test performances for all 3
models are reported in detail in Table 2.

Expert Evaluation
For multiclass classification, expert 1 had an overall test accuracy
of 0.58 (95% CI, 0.46–0.69) with sensitivities of 0.50–0.65 and spe-
cificities of 0.67–0.86 across the 3 tumor types. Expert 2 achieved
an overall test accuracy of 0.50 (95% CI, 0.38–0.62) along with
sensitivities of 0.43–0.57 and specificities of 0.66–0.80 across the 3
tumor types (Table 1). For binary classification, expert 1 achieved
a test accuracy of 0.67–0.74 and expert 2 achieved a test accuracy

FIG 1. Machine learning workflow.

Table 1: Performance of multiclass classification across all models and experts in test set
Method Micro-Averaged AUC Accuracy (95% CI) Sensitivity (95% CI) Specificity (95% CI)

Radiomics (by TPOT) 0.91 0.83 (0.72–0.90) MB: 0.87 (0.67–0.96) MB: 0.91 (0.78–0.97)
EP: 0.67 (0.46–0.83) EP: 0.98 (0.88–1.00)
PA: 0.95 (0.76–1.00) PA: 0.86 (0.72–0.94)

Radiomics (by CHSQ and GLM) 0.92 0.74 (0.62–0.83) MB: 0.96 (0.77–1.00) MB: 0.84 (0.70–0.92)
EP: 0.33 (0.17–0.55) EP: 0.93 (0.81–0.98)
PA: 0.91 (0.71–0.99) PA: 0.84 (0.70–0.92)

Expert 1 NA 0.58 (0.46–0.69) MB: 0.65 (0.45–0.81) MB: 0.67 (0.52–0.79)
EP: 0.57 (0.36–0.75) EP: 0.82 (0.68–0.91)
PA: 0.50 (0.31–0.69) PA: 0.86 (0.72–0.94)

Expert 2 NA 0.50 (0.38–0.62) MB: 0.57 (0.37–0.75) MB: 0.66 (0.51–0.77)
EP: 0.43 (0.25–0.64) EP: 0.80 (0.66–0.89)
PA: 0.50 (0.31–0.69) PA: 0.77 (0.63–0.87)

Note:—NA indicates not applicable.
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of 0.64–0.68 across the 3 binary classifications. The sensitivity and
specificity of each group are shown in Table 2.

Comparison of Radiomics Model Performance with Expert
Evaluation
For multiclass classification, the TPOT model achieved signifi-
cantly higher test accuracy compared with average expert MR
imaging review (accuracy, 0.83 versus 0.54; P, .001). The TPOT
model also had higher accuracy than the CHSQ 1 GLM model
by the manual expert optimized pipeline (accuracy, 0.83 versus
0.74), but this difference was not statistically significant (P= .160).
For binary classification, the TPOT models shared similar per-
formance with the models by manual expert optimized pipeline in
the classification of MB versus non-MB (accuracy, 0.85 versus
0.91; P= .247), EP versus non-EP (accuracy, 0.80 versus 0.71;
P= .333), and PA versus non-PA (accuracy, 0.88 versus 0.86;
P= .385). The TPOT models outperformed average expert MR
imaging review in the classification of MB versus non-MB (accu-
racy, 0.85 versus 0.66; P, .001), EP versus non-EP (accuracy, 0.80
versus 0.71; P = .177), and PA versus non-PA (accuracy, 0.88
versus 0.71; P = .002). The receiver operating characteristic
curves of all radiomics models compared with expert

evaluations are shown in Figs 2 and 3). On-line Figure 6
depicts examples of agreement or disagreement between the
TPOT model and expert review in multiclass classification of
pediatric posterior fossa tumors.

DISCUSSION
Qualitative MR imaging review is critical for tumor diagnosis and
evaluation. However, it often offers limited information regard-
ing tumor type because pediatric posterior fossa tumors share
similar appearances across conventional modalities.20,21 Many
studies have suggested that ADC maps may be accurate in the
differentiation of these tumors. Parameters such as mean ADC,
minimal ADC, and tumor/normal ADC ratio were studied and
used as thresholds for discrimination.22-26 However, studies have
shown overlap of ADC values among the different posterior fossa
tumor types.27,28 Several studies have also explored the integration
of other advanced MR technologies, including MR spectroscopy
and MR perfusion. However, these advanced MR imaging modal-
ities are not used on a routine basis and vary in performance
when discriminating the pediatric posterior fossa tumors.2,21

In a previous retrospective study of 40 pediatric posterior
fossa tumors (17 MBs, 16 PAs, and 7 EPs) by Rodriguez et al,29

models using support vector machine–based classifiers and ADC
histogram features were trained and achieved average correct
classifications of 95.8%, 96.9%, and 94.3% on MB, PA, and EP,
respectively. The subsequent joint classifier for 3 tumors achieved
correct classification of 91.4%. However, a major limitation of
this study is the small data size used for analysis. Despite the
good performance in the training set, the final models were not
tested on a separate dataset. Furthermore, the model performance
can vary when using different classifiers during the process. In
this study, the authors tested only 1 classifier (support vector
machine), which may result in bias and the possibility of missing
a model with better performance.

In our study, 288 patients with the most common pediatric
posterior fossa tumor subtypes were included, and autoML via
TPOT was used to train the diagnostic models based on the T1WI
contrast-enhanced sequence, T2WI, and ADC maps. We also
compared the models by the automated TPOT pipeline with mod-
els by the manual expert optimized pipeline selected by the training

Table 2: Performance of binary classification across all models and experts in the test set
Method AUC Accuracy (95% CI) Sensitivity (95% CI) Specificity (95% CI)

Radiomics (by TPOT)
MB vs non-MB 0.94 0.85 (0.74–0.92) 0.91 (0.72–0.99) 0.81 (0.67–0.90)
EP vs non-EP 0.84 0.80 (0.69–0.88) 0.52 (0.32–0.71) 0.93 (0.81–0.98)
PA vs non-PA 0.94 0.88 (0.78–0.94) 0.95 (0.76–1.00) 0.84 (0.70–0.92)

Radiomics (by manual optimized pipeline)
MB vs non-MB 0.98 0.91 (0.81–0.96) 0.96 (0.78–1.00) 0.88 (0.75–0.95)
EP vs non-EP 0.70 0.71 (0.59–0.81) 0.19 (0.07–0.40) 0.95 (0.83–0.99)
PA vs non-PA 0.93 0.86 (0.75–0.93) 0.77 (0.56–0.90) 0.91 (0.78–0.97)

Expert 1
MB vs non-MB NA 0.67 (0.55–0.77) 0.65 (0.45–0.81) 0.67 (0.52–0.79)
EP vs non-EP NA 0.74 (0.60–0.82) 0.57 (0.36–0.75) 0.82 (0.68–0.91)
PA vs non-PA NA 0.74 (0.62–0.83) 0.50 (0.31–0.69) 0.86 (0.72–0.94)

Expert 2
MB vs non-MB NA 0.64 (0.52–0.75) 0.57 (0.37–0.75) 0.66 (0.51–0.77)
EP vs non-EP NA 0.68 (0.54–0.79) 0.43 (0.25–0.64) 0.80 (0.66–0.89)
PA vs non-PA NA 0.68 (0.56–0.78) 0.50 (0.31–0.69) 0.77 (0.63–0.87)

FIG 2. The receiver operating characteristic curves of the radiomic
models compared with expert MR imaging evaluations in multiclass
classification. Acc indicates accuracy.
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models with different combinations of 13 different feature-selec-
tion methods and 10 classifiers. Both pipeline-generation methods
were trained and then tested on separate data. Overall, radiomics
models based on the TPOT pipeline outperformed MR imaging
review by qualitative experts. Although the difference is not statisti-
cally significant, the TPOT model achieved better performance
than models built by the manual expert optimized pipeline. TPOT
has delivered a promising predictive performance in many other
studies, including genomics applications17 and clinical metabolic
profiling,30 and was found to be quite accurate in predicting H3
K27M mutation in gliomas, with accuracy ranging from 0.60 to
0.84 in the testing cohort.31 In contrast to standard manual ML
analysis, TPOT evaluates the complete pipelines of feature selec-
tion and classification on the basis of their cross-validated score
(mean squared error or balanced accuracy) in addition to model
selection and hyperparameter optimization.14 The automatic
TPOT is a valuable tool for construction of an optimal radiomics
model without the need for extensive manual testing by experts in
ML. Given no prior knowledge about a problem, TPOT frequently
outperforms standard manual ML analyses.17,32

During model construction, a well-known issue with regard
to AutoML is “overfitting,” in which improper tuning during
model selection occurs.14 AutoML is easily affected by the data
size; therefore, a small data size could result in overfitting. In our
study, 288 samples were included to avoid the issue of high var-
iance. Another issue is data imbalance, which can lead to a biased
analysis and results for machine learning. Our study included rel-
atively balanced data from 3 groups (111 versus 70 versus 107)
and thus reduced the effect of this issue.

Despite the robustness of these results, the classification
scheme in the present study does not obviate tumor diagnosis by
histopathology, the criterion standard. Histopathology is needed
for a truly confirmatory diagnosis, offers the opportunity to pro-
file nontumor cells in the tumor mass that play an important role
in the pathogenesis of these malignancies,33 and classifies tumors
into molecular subgroups that are not appreciated by imaging. In
an era of personalized medicine and therapeutic approaches like
immunotherapy, these factors are especially important. However,
we anticipate that the MR imaging–based classification scheme of
this study may improve clinical care for pediatric posterior fossa

tumors in several potential ways. First, an initial imaging-based
classification may function as a noninvasive method to plan a sur-
gical approach and resection extent, even before the invasive bi-
opsy required for histopathology has occurred.29 Second, an
earlier indication of a pediatric patient’s potential tumor subtype
may expedite the planning of any potential neoadjuvant therapy.34

Third, the imaging features identified herein may complement,
rather than replace, histopathology in the case of diagnosing pedi-
atric fossa tumors with more complex histopathologic features.

There are several possible improvements to our study. First,
there can be selection bias for our study because the patients were
identified via a search of the pathology data base. Second, future
studies can include advanced imaging modalities such as MR spec-
troscopy and MR perfusion, which may further improve model
performance. However, adding these advanced MR images is also
a limitation in that these sequences may not be available at every
institution. Third, the criterion standard for comparisons was the
diagnosis indicated on the final pathology report. Consensus reads
by multiple pathologists were not performed due to challenges,
including resource constraints and the multi-institutional nature of
the study dataset. In addition, we were unable to analyze less fre-
quent pediatric posterior fossa tumors such as atypical teratoid/
rhabdoid tumor, hemangioblastoma, and diffuse midline gliomas
due to their low sample size in our study cohort and the aforemen-
tioned risk of model overfitting. A similar methodology to the
present study and a larger multi-institutional cohort may facilitate
the future incorporation of these subtypes into our MR imaging–
based classification schema. Finally, although there is a good likeli-
hood of achieving greater performance by experts with Certificates
of Added Qualification in pediatric neuroradiology, this compari-
son was unfortunately unable to be facilitated in the present study
due to differences in standard practices around the world. As a
point of reference, earlier studies have documented human
accuracy of pediatric brain tumor classification as approxi-
mately between 70% and 80% by pediatric neuroradiologists
with Certificates of Added Qualification.35,36

CONCLUSIONS
AutoML of TPOT based on conventional MR imaging can clas-
sify pediatric posterior fossa tumors with high accuracy

FIG 3. The receiver operating characteristic curves of the radiomic models compared with expert MR imaging evaluations in the binary classifica-
tion for medulloblastoma versus nonmedulloblastoma (A), ependymoma versus nonependymoma (B), and pilocytic astrocytoma versus non-pilo-
cytic astrocytoma (C). RELF indicates Relief; acc, accuracy; SVM, support vector machine; Nnet, neural network; JMI, joint mutual information.
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compared with the manual expert optimized pipeline and expert
radiologists.
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Intra-Arterial Chemotherapy for Retinoblastoma in Infants
£10 kg: 74 Treated Eyes with 222 IAC Sessions

A. Sweid, B. Hammoud, J.H. Weinberg, P. Texakalidis, V. Xu, K. Shivashankar, M.P. Baldassari, S. Das,
S. Ramesh, S. Tjoumakaris, C.L. Shields, D. Ancona-Lezama, L.-A.S. Lim, L.A. Dalvin, and P. Jabbour

ABSTRACT

BACKGROUND AND PURPOSE: Intra-arterial chemotherapy for retinoblastoma has dramatically altered the natural history of the
disease. The remarkable outcomes associated with a high safety profile have pushed the envelope to offer treatment for patients
weighing #10 kg. The purpose was to determine the efficacy and safety of IAC infusions performed in infants weighing #10 kg
with intraocular retinoblastoma.

MATERIALS AND METHODS: A retrospective chart review was performed for patients diagnosed with retinoblastoma and managed
with intra-arterial chemotherapy.

RESULTS: The total study cohort included 207 retinoblastoma tumors of 207 eyes in 196 consecutive patients who underwent 658
intra-arterial chemotherapy infusions overall. Of these, patient weights were �10 kg in 69 (35.2%) and .10 kg in 127 (64.8%) patients.
Comparison (#10 kg versus .10 kg) revealed that the total number of intra-arterial chemotherapy infusions was 222 versus 436.
Periprocedural complications were not significantly different (2 [0.9%] versus 2 [0.5%]; P ¼ .49). Cumulative radiation exposure per
eye was significantly lower in infants weighing #10 kg (5.0 Gym2 versus 7.7 Gym2; P ¼ .01). Patients weighing �10 kg had a greater
frequency of complete tumor regression (82.6% versus 60.9%; P ¼ .02). Mean fluoroscopy time was not significantly different (7.5
versus 7.2; P ¼ .71). There was a significant difference in the frequency of enucleation (16 [21.6%] versus 52 [39.1%]; P ¼ .01). Patients
weighing �10 kg had greater number of aborted procedures (12 [5.4%] versus 7 [1.6%]; P ¼ .01). On multivariate analysis, weight #10
kg was not an independent predictor of complications or procedure failure.

CONCLUSIONS: Intra-arterial chemotherapy in patients weighing #10 kg is a safe and effective treatment.

ABBREVIATIONS: IAC ¼ intra-arterial chemotherapy; ICRB ¼ International Classification of Retinoblastoma; OA ¼ ophthalmic artery; Rb ¼ retinoblastoma

Intra-arterial chemotherapy (IAC) for retinoblastoma (Rb) has
dramatically altered the natural history of the disease. Cure rates,

globe salvage, and vision preservation have dramatically increa-

sed.1-10 Yamane et al11 in 1989 described an IAC delivery technique
termed selective ophthalmic artery infusion using a catheter-based
approach with an inflated balloon that occludes the supraclinoid in-
ternal carotid artery segment distal to the ostium of the ophthalmic
artery (OA). Then Abramson et al12 in 2008 refined the Japanese
technique in which the ophthalmic artery was superselectively
catheterized. Since then several specialized centers have incorpo-
rated ophthalmic artery catheterization into the treatment paradigm
with the advantage of delivering a high drug concentration to
tumoral tissue while maintaining low systemic concentration,
thereby avoiding systemic complications.12 Moreover, treatment
can be delivered in 1 day, and 2–3 sessions can be sufficient for tu-
mor control.4,13,14 We have previously reported our 5-year experi-
ence with IAC.7,15,16 The remarkable outcomes associated with an
acceptable safety profile—despite the risks (retinal toxicity)—and
advancement in catheter techniques have pushed the envelope to
offer treatment for patients weighing #10 kg. Weight ,10 kg or
age younger than 3 months have previously been exclusion criteria
because of the perceived risk of femoral artery access
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complications.8,12 However, a case report and a small series have
reported successful IAC delivery for infants weighing #10 kg.17,18

We herein describe our efficacy and safety outcomes in a large series
of IAC infusions performed in infants weighing#10 kg.

MATERIALS AND METHODS
Cohort Creation
The study subjects included patients with unilateral or bilateral
intraocular Rb undergoing IAC from February 2008 to June
2016. The population was dichotomized according to weight,
#10 kg or .10 kg. The study protocol was reviewed and
approved by the institutional review board. Informed consent
was waived because of the retrospective design of this study.
Ocular exclusion criteria were vitreous hemorrhage, secondary
glaucoma, and extension of tumor into the optic nerve, uvea, an-
terior segment, or extrascleral compartments. Systemic exclusion
criteria were history of blood dyscrasia or thrombotic events.

The patient data were retrospectively reviewed for demographic
data, including age (months), sex (male, female), race (white,
African American, Hispanic, Asian, Arab), hereditary pattern (spo-
radic, familial), and laterality (unilateral, bilateral). The presenting
symptoms and prior treatment details were recorded. Tumor fea-
tures included the largest basal diameter, thickness, and location
and the presence of subretinal seeds and vitreous seeds. The IAC
was delivered either as primary therapy in patients who had no
previous treatment or as secondary therapy after failure of previous
other types of treatment. Treatment-naïve eyes were classified
according to the International Classification of Retinoblastoma
(ICRB) (Philadelphia) as group A, B, C, D, or E.

Treatment Protocol
Parents and patients were informed of the risks of ophthalmic ar-
tery cannulation, and procedure consents were obtained.

Each patient was examined initially in the office and then under
anesthesia with large fundus drawings, photographic documenta-
tion, and fluorescein angiographic analysis of all tumors and fea-
tures in each eye. The decision for IAC was made in consultation
with members of the Ocular Oncology Service, the Department of
Neurosurgery, and the Department of Pediatric Oncology. Family
history and medical history, particularly for thrombotic events,
were obtained. This information was used to assess the need for
screening tests looking for an increased risk of thrombosis, includ-
ing factor V Leiden mutation, methylenetetrahydrofolate reductase
mutation, and prothrombin 20–21–0 mutation.

At each 4-week follow-up, a detailed ophthalmic examination
was performed by the treating ocular oncologist with photo-
graphic, fluorescein angiographic, and ultrasonographic documen-
tation. The planned protocol was to deliver 3 sessions of IAC and
after that judge whether further sessions would be necessary. Per
protocol, adjunctive therapy, including laser photocoagulation,
cryotherapy, plaque radiation therapy, or external-beam radiation
therapy, was not delivered. If there was documented tumor recur-
rence or resistance, then these methods were potentially used.

During follow-up, each eye was assessed for regression of the
solid tumor, subretinal seeds, vitreous seeds, and subretinal fluid.
Tumor recurrence was documented. Other subsequent ocular
treatment modalities were recorded.

Technical Procedure
After a parent or legal guardian consent, the IAC catheterization
procedure was performed in the interventional neuroradiology
suite under general anesthesia and continuous electro-physiologi-
cal monitoring as an outpatient procedure. Anticoagulation with
intravenous heparin (75 IU/kg) was delivered. All surfaces in the
interventional neuroradiology suite in contact with the patient and
all catheters were covered with plastic wrap, avoiding the use of
cotton fiber material, including linen towels and patient draping
material. After careful preparation of the puncture site in the groin,
a 4F micropuncture needle was inserted into the femoral artery,
and heparin was administered with a target activated clotting
time between 200 and 300 seconds. Under fluoroscopic guidance,
a Marathon microcatheter (Medtronic) and a Synchro 10 micro-
wire (Stryker) were navigated all the way up from the groin to the
ostium of the OA. The tip of the microcatheter was allowed to
hook the ostium of the OA, without the aid of the microwire. A
superselective injection was subsequently performed to confirm
the position of the microcatheter and ascertain the lack of reflux
into the internal carotid artery. If the Marathon catheter did not
track, then a Prowler-10 microcatheter (Codman & Shurtleff)
was used. If the latter approach was unsuccessful or if the OA was
occluded, catheterization of the OA was alternatively performed
through the middle meningeal artery collateral to the OA or by
using the balloon-assisted technique. The balloon-assisted tech-
nique described by Yamane et al11 was used when there was a ste-
nosis at the ostium and no good middle meningeal collateral.

Chemotherapeutic medications included melphalan and topo-
tecan. The melphalan dose was 3, 5, or 7.5 mg, increasing with
patient age and tumor size, without dosing higher than dose limit,
which is 0.5 mg/kg. The topotecan dose was 1 mg. All patients
received melphalan, and those with more extensive disease, partic-
ularly with vitreous seeding, were given additional topotecan. The
microcatheter was subsequently flushed with saline to avoid crys-
tallization of the agent in the OA, and angiograms were obtained
to rule out thromboembolic complications. Repeat angiography
through the microcatheter was performed immediately after the
procedure to ensure the patency of the vessels, and the microcath-
eter was removed. At the end of the procedure, the heparin was
reversed with intravenous protamine, and hemostasis was achieved
with manual compression of the femoral artery done only by the
senior author. The child was monitored for 6 hours before dis-
charge. Oral aspirin (40 mg) was advised for 2 weeks, and topical
ophthalmic application of antibiotic-steroid ointment and cyclo-
plegic eye drops was recommended for 2 weeks. Each session of
IAC was planned at a 4-week interval. A blood hemogram was per-
formed at 2 weeks and 4 weeks after the procedure.

Outcome Variables
The population was divided into#10-kg and.10-kg cohorts. The
primary outcomes analyzed were the frequency of periprocedural
complications related to the IAC, complete tumor regression, and
globe enucleation. Secondary outcomes assessed were the duration
of the procedure, fluoroscopy time, mean radiation exposure per
eye, cumulative radiation exposure, and procedure termination fre-
quency. Globe preservation was considered as a favorable outcome.
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Statistical Analysis
Categoric variables were summarized as absolute and relative fre-
quencies and compared with the x -square test, and continuous
variables were presented as means and standard deviations and
compared with the t test. A multivariate logistic regression model
was developed to assess whether the weight of�10 kg was a poten-
tial predictor of periprocedural complications and procedure fail-
ures. For all tests, a P value , .05 was considered statistically
significant. All analyses were performed with STATA software
(version 14.1; StataCorp).

RESULTS
The total study cohort included 207 Rb tumors of 207 eyes in 196
consecutive patients who underwent 658 intra-arterial chemo-
therapy infusions overall. Of these, patient weights were �10 kg
in 69 (35.2%) and .10 kg in 127 (64.8%) patients. Of the 69
patients weighing #10 kg, 5 patients received IAC treatment for
bilateral Rb, and of the 127 patients weighing .10 kg, 6 patients
received IAC treatment for bilateral Rb. Thus, a total of 74 eyes of
69 patients weighing#10 kg were compared with 133 eyes of 127
patients weighing.10 kg.

Patient Demographics
Comparison (#10 kg versus.10 kg) revealed a significant differ-
ence of age at presentation of 10 months (median 9, range 1–33)
versus 32 months (median 23, range 4–387) (P ¼ .01), age at first
IAC treatment of 11 months (median 10, range 3–30) versus 35
months (median 25, range 4–387) (P ¼ .01), and weight at first

IAC treatment of 8.4 kg (median 8.9, range 3.1–10.4) versus 16.4
(median 13.3, range 10.3–209) (P ¼ .01). There was no difference
in the distribution of sex proportions between groups: 36 male
patients (52.2%) and 33 female patients (47.8%) versus 68 male
patients (53.5%) and 59 female patients (46.5%) (P ¼ .85). Also,
no significant difference in race distribution was observed: 37
(53.6%) versus 59 (46.5%) whites; 12 (17.4%) versus 26 (20.5%)
Asians; 11 (16.0%) versus 21 (16.5%) African Americans; 9
(13.0%) versus 12 (9.4%) Hispanics; and 0 versus 9 (7.1%) others
(P ¼ .31). There was no difference in family history of Rb among
both groups: 4 (5.8%) versus 8 (6.2%) (P¼ .88).

Comparison (#10 kg versus .10 kg) revealed no significant
difference in genetic mutations: 31 patients (44.9%) versus 51
patients (40.2%) with somatic mutations; 20 patients (28.9%) ver-
sus 38 patients (29.9%) with germline mutations; 2 patients
(2.9%) versus 0 patients with 13q deletion syndrome; and 16
patients (23.2%) versus 38 patients (29.9) with unknown status
(P¼ .29). There was no difference in disease laterality: 55 patients
(79.7%) versus 91 patients (71.7%) with unilateral involvement;
14 patients (20.3%) versus 36 patients (28.3%) with bilateral
involvement (P ¼ .21) or right and left eye involvement; 31
(41.9%) versus 66 (49.6%) right eye involvement; and 43 (58.1%)
versus 67 (50.4%) left eye involvement (P¼ .19) (Table 1).

Tumor Features
Comparison of tumor characteristics (#10 kg versus .10 kg)
revealed no difference in greatest basal diameter: 15.0 mm (me-
dian 16, range 3–24) versus 16.0 mm (median 16, range 4–24)

Table 1: Intra-arterial chemotherapy for retinoblastoma in infants weighing £10 kg (74 treated eyes with 222 IAC sessions)—patient
demographics

Variable
Weight £ 10 kg (n ¼ 74 Eyes;

35.7% of 69 Patients)
Weight >10 kg (n ¼ 133 Eyes;

64.2% of 127 Patients) P Value
Total (n ¼ 207) Eyes
(%) of 196 Patients

Age at presentation (months)
(n ¼ 196), mean (median, range)

10 (9, 1–33) 32 (23, 4–387) .01 24 (15, 1–387)

Age at time of first IAC (months)
(n ¼ 196), mean (median, range)

11 (10, 3–30) 35 (25, 4–387) .01 24 (15, 1–387)

Weight at first IAC (kg) (n ¼ 196),
mean (median, range)

8.4 (8.9, 3.1–10.4) 16.4 (13.3, 10.3–209) .01 13.5 (11.5, 3.1–209)

Sex (n ¼ 196)
Male 36 (52.2) 68 (53.5) .85 104 (53.1)
Female 33 (47.8) 59 (46.5) 92 (47.8)

Race (n ¼ 196)
White 37 (53.6) 59 (46.5) .31 96 (49.0)
Asian 12 (17.4) 26 (20.5) 38 (19.4)
African American 11 (16.0) 21 (16.5) 32 (16.3)
Hispanic 9 (13.0) 12 (9.4) 21 (10.7)
Other 0 9 (7.1) 9 (4.6)

Family history (n ¼ 196) 4 (5.8) 8 (6.2) .88 12 (6.1)
Genetics (n ¼ 196)
Somatic 31 (44.9) 51 (40.2) .29 82 (41.8)
Germline 20 (28.9) 38 (29.9) 58 (29.6)
13q deletion syndrome 2 (2.9) 0 (0.0) 2 (1.0)
Unavailable 16 (23.2) 38 (29.9) 54 (27.6)

Laterality of disease (n ¼ 196)
Unilateral 55 (79.7) 91 (71.7) .21 146 (74.5)
Bilateral 14 (20.3) 36 (28.3) 50 (25.5)

Involved eye (n ¼ 196)
Right eye 31 (41.9) 66 (49.6) .19 97 (49.5)
Left eye 43 (58.1) 67 (50.4) 110 (56.1)
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(P ¼ .25). Patients weighing �10 kg had lower tumor thickness:
7.2 mm (median 6.5, range 1–17) versus 8.4 mm (median 8, range
1–22) (P ¼ .04) and shorter tumor distance to the foveola 0.7 mm
(0, 0–11) versus 2.4 mm (0, 0–15) (P ¼ .01) and optic disc 0.8 mm
(0, 0–8) versus 2.0 mm (0, 0–18). There was no significant differ-
ence in subretinal seeding: 30 eyes (40.5%) versus 51 eyes (38.3)
(P¼ .75). Patients weighing�10 kg had a lower frequency of vitre-
ous seeding: 18 eyes (24.3%) versus 70 eyes (52.6%) (P ¼ .01).
There was no significant difference in anterior chamber seeding: 0
(0.0%) eyes versus 1 eye (0.7%) (P ¼ .45). Patients weighing �10
kg presented with less advanced Rb ICRB stage: 12 (16.9%) versus
5 (4.2%) with stage B, 9 (12.7%) versus 6 (5.0%) with stage C, 34
(47.9%) versus 58 (48.3%) with stage D, and 16 (22.5%) versus 51
(42.5%) with stage E (P¼ .01) (On-line Table).

Treatment Features and Periprocedural Complications
Comparison of treatment details (#10 kg versus .10 kg) revealed
that the total number of IAC infusions was 222 versus 436 (Fig 1A).
There was no difference in primary, 38.0 eyes (51.3%) versus 66.0
eyes (49.6%), or secondary IAC treatment, 36.0 eyes (48.6%) versus
67.0 eyes (50.3%) (P ¼ .85). There was no significant difference in
number of IAC infusions per eye: 3.0 cycles (median 3, range 1–8)
versus 3.3 cycles (median 3, range 1–9) (P¼ .26). There was no sig-
nificant difference in the technique of IAC delivery by using selec-
tive OA catheterization: 206.0 (95.4%) versus 397.0 (92.9%) or an
alternative approach such as balloon-assisted delivery: 6.0 (2.7%)
versus 13.0 (3.0%) or middle meningeal artery 4.0 (1.9%) versus
17.0 (3.9%) (P ¼ .65). There was a shorter procedure duration in
infants weighing #10 kg: 47.5 minutes (median 42, range 6–156)
versus 51.1 (median 48, range 7–200), but this was not statistically
significant (P¼ .06). Mean radiation exposure per eye and cumula-
tive radiation exposure per eye (Gym2) were both significantly
lower in infants weighing#10 kg (1.76 2.6, 95% CI 1.0–2.3 versus
2.66 3.1, 95% CI 2.0–3.1; P ¼ .02) and (5.06 8.1, 95% CI 3.0–7.0
versus 7.76 8.4, 95% CI 6.2–9.2; P¼ .01), respectively. Mean fluo-
roscopy time (in minutes) was not significantly different (7.56 4.7,
95% CI 6.4–8.6 versus 7.26 7.6, 95% CI 5.8–8.5; P¼ .71) (Fig 1B).
Patients weighing�10 kg had a greater frequency of aborted proce-
dures: 12 (5.4%) versus 7 (1.6%) (P¼ .01).

Of aborted procedures in infants weighing #10 kg, 50%
were because of inability to secure femoral artery access, but
70% of aborted cases in patients weighing .10 kg were because
of a thrombosed OA. Infants weighing#10 kg were subgrouped
into 3 groups according to weight: group 1, #4.5 kg; group 2,
4.6–6 kg; and group 3, .6 kg. The incidences of failed femoral
access were 0 in the first 2 groups and 2.8% in the third group
(P ¼ .80) (Table 2 and Fig 1C). Of the 6 failed attempts, 5 had
previous successful femoral access. The weight, age, and num-
ber of successful previous IAC attempts are presented in
Table 3.

Periprocedural complications were not significantly different:
2 (0.9%) (vasospasm; 1 OA vasospasm after 5-cc infusion of the
chemotherapy and 1 carotid vasospasm after straightening of a
360 carotid loop) versus 2 (0.5%) (1 incidence of ICA dissect-
ion by the microcatheter and 1 anaphylactic shock) (P ¼ .49)
(Fig 1D).

Outcomes
Comparison (#10 kg versus .10 kg) revealed no difference in
mean follow-up duration: 31.7 months (median 22.7, range 1.7–
157.2) versus 30.0 (median 23.4, range 0.2–112.4) (P ¼ .73).
Patients weighing�10 kg had a greater frequency of complete tu-
mor regression: 57 (82.6%) versus 81 (60.9%) (P ¼ .02). Patients
weighing �10 kg had lower frequency of enucleation: 16 (21.6%)
versus 52 (39.1%) (P¼ .01) (Table 4 and Fig 1E).

Multivariate Analysis
By multivariate logistic analysis, weight �10 kg was not an inde-
pendent predictor of procedural failure (OR: 1.24; 95% CI: 0.30–
5.10, P ¼ .75), nor an independent predictor of periprocedural
complications (OR: 6.4; 95% CI: 0.63–65.6, P¼ .15).

DISCUSSION
Endovascular intra-arterial drug delivery is a promising field
allowing for selective delivery of a high concentration of a thera-
peutic drug to selected targets. IAC for Rb stands as an inspiring
example of the potential of selective drug delivery. IAC is a nota-
ble and established therapeutic option for Rb that has altered the
natural history of the disease. Impressive cure rates have been
reported, reaching 97%, with a dramatic drop in enucleation fre-
quency (Fig 2).2,19-21 In a previous report of our 5-year experi-
ence with IAC, we found globe salvage rates of 100% for group B
and C eyes,7 94% for group D eyes, and #73% for group E eyes
with a combination of IAC and intravitreal chemotherapy.16

Most centers that use IAC for Rb have previously set treatment
exclusion criteria for primary IAC of either weight#10 kg or age
3 months or younger, mainly because of the perceived risk of
femoral artery complications in this group of patients. However,
the importance of early treatment stems from data showing that
younger and treatment-naïve patients may achieve better onco-
logic efficacy when they receive a minimal number of IAC
cycles.6 Gobin et al22 showed that primary treatment with IAC
was associated with an event-free survival rate of 81.7% after 2
years. Such a rate is much higher than 58.4% for eyes that had
received intravenous chemotherapy or external-beam radiation
in the pre-IAC era. Few reports exist in the literature on neuroen-
dovascular approaches in infants and in particular on IAC treat-
ment. Herein, we share our experience and report the safety and
efficacy of IAC as a primary therapy for Rb in infants weighing
#10 kg.

On review of our data (#10 kg versus.10 kg), procedure dura-
tion (47.5 minutes versus 51.1 minutes, P ¼ .06), fluoroscopy time
(7.5 minutes versus 7.2 minutes, P ¼ .71), cumulative radiation ex-
posure per eye (5.0 Gym2 versus 7.7 Gym2; P ¼ .01), percentage of
aborted procedures (5.4% versus 1.6%, P¼ .01), percentage of peri-
procedural complications (0.9% versus 0.5%, P ¼ .49), percentage
of complete tumor regression (82.6% versus 60.9%, P ¼ .02), and
enucleation frequency (21.6% versus 39.1%, P ¼ .01) speak to the
safety and efficacy of IAC for infants#10 kg at a high-volume cen-
ter. Vessel dissection was the only major complication that occurred
in 1 patient weighing .10 kg. Multivariate analysis showed that
weight #10 kg was not an independent predictor of complications
or procedure termination. As expected, the frequency of failed pro-
cedures was significantly higher in infants weighing,10 kg, mainly
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because of inability to secure femoral artery access. Enucleation fre-
quency in patients weighing ,10 kg was significantly lower com-
pared with those weighing .10 kg. Such outcomes highlight the
fact that earlier treatment is associated with more favorable out-
comes because of earlier stage of the cancer.

We previously reported a case of successful treatment of group
D Rb with IAC in a subject weighing ,6 kg. The subject received
2 cycles of IAC with 5 weeks in between and did well without

adverse effects.18 Kim et al17 retrospectively analyzed outcomes of
IAC for 11 Rb eyes in 6 patients whose average weight was 8.9 kg
at the time of the first IAC. They reported excellent overall
response to IAC with 100% globe salvage and minimal access site
complications. They encountered 1 hospitalized case of severe neu-
tropenia among 6 patients who developed chemotherapy-induced
neutropenia. Chen et al23 retrospectively analyzed 10 patients who
started IAC within their first 3 months of life, reporting that

A

B C

D E

FIG 1. A, Bar graph showing the total number of IAC cycles per eye for infants weighing#10 kg and.10 kg. B, Bar graph showing the mean and
standard error of fluoroscopy time (in minutes) and radiation exposure per eye (Gym2) of infants weighing #10 kg and .10 kg. Group 1: infants
weighing#10 kg; group 2: infants weighing.10 kg. C, Bar graph showing the total number of IAC procedures and absolute value of failed femo-
ral access in infants weighing#10 kg. Infants weighing,10 kg were subgrouped into 3 groups according to weight. D, Bar graph showing the per-
centage of periprocedural complications and failure rate of infants weighing #10 kg and .10 kg. E, Bar graph showing the enucleation rate and
complete tumor regression of infants weighing#10 kg and.10 kg. Asterisks indicates significant difference.
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primary IAC was feasible for the treatment of Rb in that age group.
Most (12/13) eyes were salvaged, and no signs of ischemia were
reported. Interestingly, a recent animal model for Rb reported
100% success rate in rabbits that weighed 3.0–3.2 kg.24

IAC is a challenging procedure that requires an experienced
neurointerventionalist competent in the cannulation of very small-
caliber vessels in infants, an experienced anesthesia team, and well-
prepared infrastructure. The procedure is not always straightfor-
ward because there are several technical, anatomic, and physiologic

challenges. The minute caliber and fragility of access and target
vessels is critical; therefore, sonography-guided femoral access is
used for all procedures. In our series, we did not encounter any
access site complications in either group. However, the small cali-
ber of the femoral artery led to procedure termination in subjects
weighing #10 kg at a frequency of 2.7% because of an inability to
secure femoral access. However, it is paramount to know that fem-
oral access is possible even in very young infants of 3 kg or age of 3
months. A low-profile 4F micropuncture kit may be used to gain
access and used instead of a 4F pediatric sheath. In addition, a
microcatheter may be used to complete the procedure without the
use of a guide catheter. Sick infants in intensive care units receive a
femoral line as a standard practice, and along the same line of
thought, young infants eligible for IAC should not be denied the
possibility based on weight or age alone. Eighty percent of the
aborted IAC procedures due to failed arterial access had at least 1
successful attempt before. There was no incidence of procedure
abortion in subjects weighing .10 kg because of vascular access.
The main reason for procedure termination was OA thrombosis.
On multivariate analysis, weight was not an independent predictor
of procedure failure.

It is well established from the cardiac literature that larger
sheath size relative to the femoral artery diameter is associated
with higher rates of femoral artery complications (eg, vasospasm,
thrombosis, and arterial disruption).25-27 The 4F catheter has a di-
ameter of 1.33 mm, which is larger than the size of the femoral ar-
tery in subjects weighing ,10 kg. Reports of infants who
underwent cardiac catheterization describe 8%–14% femoral ar-
tery injury leading to leg length discrepancy, with arterial throm-
bosis in one-third of cases.28-30 Moreover, late arterial
complications can occur because of catheter-induced endothelial

damage. The senior author performs
femoral artery compression at the end
of the case for 20 minutes and moni-
tors the arterial wave by using a pulse
oximeter placed on the ipsilateral big
toe. The philosophy is that too much
compression may result in vessel dam-
age, vasospasm, or limb ischemia, but
poor compression may result in retro-
peritoneal hematoma, which may be
disastrous in this age group. Also, the
senior author has modified the IAC
technique such that he no longer uses a

Table 2: Intra-arterial chemotherapy for retinoblastoma in
infants weighing £10 kg (74 treated eyes with 222 IAC sessions)—
rate of femoral access failure in infants weighing £10 kg

Groupa
Patients

(n)
Attempts

(n)

Failed Femoral
Access,
n (%)

1 3 5 0 (0)
2 4 10 0 (0)
3 67 207 6 (2.8)

a Infants were subgrouped into 3 groups according to weight: group 1, #4.5 kg;
group 2, 4.6–6 kg; and group 3, .6 kg.

Table 3: Intra-arterial chemotherapy for retinoblastoma in
infants weighing £10 kg (74 treated eyes with 222 IAC sessions—
weight, age, and number of previous successful attempts for
infants of failed femoral access
Patient
No.

Weight
(kg)

Age
(months)

Previous Successful
Attempts (n)

1 9.1 6.0 0
2 10.0 8.0 1
3 6.7 9.0 1
4 7.0 6.0 2
5 10.0 10.0 2
6 9.4 6.0 3

Table 4: Intra-arterial chemotherapy for retinoblastoma in infants weighing £10 kg (74
treated eyes with 222 IAC sessions)—clinical outcomes

Variable

Weight £10 kg
(n = 74 Eyes;
35.7% of

69 Patients)

Weight >10 kg
(n = 133 Eyes;

64.2% of
127 Patients)

P
Value

Total (n = 207)
Eyes (%) of
196 Patients

Complete tumor
regression

57 (82.6) 81 (60.9) .02 138 (66.6)

Globe enucleation 16 (21.6) 52 (39.1) .01 68 (32.8)
Follow-up duration
(months) (n ¼
196), mean
(median, range)

31.7 (22.7, 1.7–157.2) 30.0 (23.4, 0.2–112.4) .73 30.6 (22.8, 0.2–157.2)

FIG 2. Retinoblastoma (A and B) before and (C and D) 9 months after treatment with intra-arterial chemotherapy (IAC). A, An infant presented with
left eye leukocoria and unilateral group E retinoblastoma with no view of the optic nerve. B, B-scan ultrasonography demonstrated a calcified intraoc-
ular mass with overlying retinal detachment and no optic nerve involvement. C, After 4 IAC infusions using melphalan 5 mg and topotecan 1 mg, the
tumor showed complete response with type III regression to a partially calcified mass in the macular region (D) confirmed by B-scan ultrasonography.
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guide catheter to avoid vessel dissection and to be able to downsize
the groin sheath. Rather, catheterization is performed using a
Marathon and a Synchro10 wire all the way from the femoral ar-
tery to the OA.

Limitations
Our study has the natural limitations of selection bias in a non-
randomized single-center study. Results have to be interpreted
with caution, and conclusions should be validated in a larger pop-
ulation over a longer follow-up period. The strength of our study
is a large number of procedures performed by the same group of
neurointerventionalists in a single center.

CONCLUSIONS
IAC for Rb is a therapeutic approach that led to dramatic changes
in the natural history of the disease. Cure rates, globe salvage, and
vision preservation have significantly improved. The long,
encouraging experience along with a high safety profile of IAC
pushed the envelope to provide this patient population with such
an alternative. Our results speak of the safety and efficacy of IAC
in patients weighing#10 kg. Management should be tailored per
patient, and variables such as age and weight should not be exclu-
sion criteria to offer IAC.

Disclosures: Stavropoula Tjoumakaris—UNRELATED: Consultancy: Medtronic. Pascal
Jabbour—UNRELATED: Consultancy: Microvention*; Grants/grants pending:
Medtronic.* *Money paid to institution.
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Changes of Neurotransmitters in Youth with Internet and
Smartphone Addiction: A Comparison with Healthy Controls

and Changes after Cognitive Behavioral Therapy
H.S. Seo, E.-K. Jeong, S. Choi, Y. Kwon, H.-J. Park, and I. Kim

ABSTRACT

BACKGROUND AND PURPOSE: Neurotransmitter changes in youth addicted to the Internet and smartphone were compared with
normal controls and in subjects after cognitive behavioral therapy. In addition, the correlations between neurotransmitters and
affective factors were investigated.

MATERIALS AND METHODS: Nineteen young people with Internet and smartphone addiction and 19 sex- and age-matched healthy
controls (male/female ratio, 9:10; mean age, 15.47 6 3.06 years) were included. Twelve teenagers with Internet and smartphone
addiction (male/female ratio, 8:4; mean age, 14.99 6 1.95 years) participated in 9weeks of cognitive behavioral therapy. Meshcher-
Garwood point-resolved spectroscopy was used to measure g -aminobutyric acid and Glx levels in the anterior cingulate cortex.
The g -aminobutyric acid and Glx levels in the addicted group were compared with those in controls and after cognitive behavioral
therapy. The g -aminobutyric acid and Glx levels correlated with clinical scales of Internet and smartphone addiction, impulsiveness,
depression, anxiety, insomnia, and sleep quality.

RESULTS: Brain parenchymal and gray matter volume–adjusted g -aminobutyric acid-to-creatine ratios were higher in subjects with
Internet and smartphone addiction (P ¼ .028 and .016). After therapy, brain parenchymal- and gray matter volume–adjusted g -ami-
nobutyric acid-to-creatine ratios were decreased (P ¼ .034 and .026). The Glx level was not statistically significant in subjects with
Internet and smartphone addiction compared with controls and posttherapy status. Brain parenchymal- and gray matter volume–
adjusted g -aminobutyric acid-to-creatine ratios correlated with clinical scales of Internet and smartphone addictions, depression,
and anxiety. Glx/Cr was negatively correlated with insomnia and sleep quality scales.

CONCLUSIONS: The high g -aminobutyric acid levels and disrupted balance of g -aminobutyric acid-to-Glx including glutamate in
the anterior cingulate cortex may contribute to understanding the pathophysiology and treatment of Internet and smartphone
addiction and associated comorbidities.

ABBREVIATIONS: ACC ¼ anterior cingulate cortex; bp- ¼ brain parenchymal volume-adjusted; GABA ¼ g -aminobutyric acid; gm- ¼ gray matter volume-
adjusted; MEGA-PRESS ¼ Meshcher-Garwood point-resolved spectroscopy; wm- ¼ white matter volume-adjusted

Internet addiction is a behavioral addiction characterized by
uncontrolled use of the Internet with tolerance, withdrawal

symptoms, and compulsiveness. The prevalence of Internet addic-
tion ranges from 1.5% to 8.2%1 and is much higher in adolescents
and young adults in the Far East.2 Internet gaming addiction was
listed as a research criterion for behavioral addiction in the fifth
version of the Diagnostic and Statistical Manual of Mental

Disorders.3 In recent years, a preoccupation with smartphones and
their worldwide spread has resulted in smartphone addiction.

The mesocorticolimbic system is a dopaminergic projection
engaged in common neurobiologic pathways of substance addic-
tion.4 The anterior cingulate cortex (ACC) is part of the mesocor-
ticolimbic system and is associated primarily with salient
networks activated by reward-related stimuli.4,5 The ACC has
been postulated to play a critical role with the insula in substance
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addiction.4 PET,6 SPECT,7 and electroencephalogram8 results
reportedly show brain regions associated with substance addic-
tions.9 The ACC has been one of the most frequently implicated
regions in Internet addiction.10-15

Substance addiction is associated with the neurotransmitter
changes in the mesocorticolimbic system. Nicotine and alcohol
indirectly enhance dopamine release via modulation of g -amino-
butyric acid (GABA) and glutamatergic neurons.4,16 MR spec-
troscopy using an editing pulse to create J-coupling can separate
GABA and glutamate signals from other stronger overlying
metabolite signals17,18 and has been used to characterize neuro-
transmitter changes in dynamic and interactive psychiatric disor-
ders. The use of MR spectroscopy to study the ACC with respect
to Internet and smartphone addiction can clarify common neuro-
biologic mechanisms for behavioral and substance addictions
and provide clinical intervention to reduce the prevalence and
related functional impairments in young people.

Currently, neurotransmitter changes have not been re-
searched in terms of Internet and smartphone addiction. The
purpose of this study was to reveal the associations between neu-
rotransmitter changes and Internet and smartphone addiction
and compare them with those in healthy controls and subjects’
postcognitive behavioral therapy results. In addition, correlations
between neurotransmitter changes and affective changes in youth
diagnosed with Internet and smartphone addiction were
investigated.

MATERIALS AND METHODS
Participants
The institutional review board Korea University Ansan hospital
approved this prospective study, and informed consent was
obtained from the adolescents and parents. We included young
people between the ages of 10 and 24 years who met the following
criteria: 1) .50 points on the Internet Addiction Test modified
from the Young Diagnostic Questionnaire;19 2) .35 points
on the Smartphone Addiction Scale-short version for adoles-
cents;20 and 3) .75 points on the summed Internet Addiction
Test and Smartphone Addiction Scale. Subsequently, the Mini-
International Neuropsychiatric Interview was administered to
exclude subjects who met the diagnostic criteria of psychotic
disorders, such as schizophrenia spectrum and other psychotic
disorders, bipolar I disorder, or substance use disorder.

We included sex- and age-matched healthy controls who met
the following criteria : 1) ,30 points on the Internet Addiction
Test; 2) ,30 points on the Smartphone Addiction Scale; and 3)
,60 points on the summed Internet Addiction Test and
Smartphone Addiction Scale.

Psychology Tests
The Young Internet Addiction Test measures the severity of
Internet addiction and consists of 20 items scored on a 5-point
Likert scale, covering the extent to which Internet use affects daily
routines, social life, productivity, sleeping patterns, and feelings.19

The Smartphone Addiction Scale-short version for adolescents
measures the severity of smartphone addiction. It consists of 10
items scored on a 6-point Likert scale.20

Affective and cognitive characteristics of people with addic-
tion and controls were evaluated using the Barratt Impulsiveness
Scale, Hamilton Depression Rating Scale, Spielberger State-Trait
Anxiety Inventory, Pittsburgh Sleep Quality Index, Insomnia
Severity Index, and Mini-International Neuropsychiatric Interview.
In order to the measurement of intelligence, the Korean version of
the Wechsler Adult Intelligence Scale-IV for adolescents and adults
older than 16years of age and the Korean version of the Wechsler
Intelligence Scale for Children-IV for children from 6 to 16years of
age were used.

Cognitive Behavioral Therapy
Cognitive behavioral therapy was modified from the Cognitive-
Behavioral Therapy For Internet Gaming Addiction,21 and the
Emotional Identification and Expression Abilities Improvement
Program was reinforced. The treatment program consisted of the
following 7 areas: recognizing the Internet behavior, modifying
the cognitive distortion, finding appropriate alternative activities,
promoting self-control, recognizing self-emotions and those of
others, expressing emotions, and resolving interpersonal con-
flicts. The cognitive behavioral therapy consisted of a weekly 75-
minute program for 9weeks. The program was administered to
the young subjects with Internet and smartphone addiction who
agreed to participate in the therapy. Two or more absences were
defined as therapy failure.

MR Imaging Parameters
MR imaging was performed within an hour after the psychologi-
cal tests. In addition, 1 or 2 days after finishing the 9-week cogni-
tive behavioral therapy program, MR imaging rescanning was
performed within an hour after the psychological retests. MR
imaging data were acquired with a 3T MR imaging scanner with a
32-channel phased array head coil (MAGNETOM Skyra; Siemens
Healthcare, Erlangen, Germany). Meshcher-Garwood point-
resolved spectroscopy (MEGA-PRESS) was programmed by insert-
ing a dual-band radiofrequency pulse into the manufacturer’s
PRESS sequence. A dual-band radiofrequency waveform was
obtained using a public domain pulse design tool, MATPULSE
software (https://cind.ucsf.edu/education/software/matpulse).
GABA measurement was performed using the MEGA-PRESS
pulse sequence from a voxel volume of 26.25mL (voxel dimen-
sions, 3.5 � 3.0 � 2.5 cm) in the ACC (Fig 1), with the following
acquisition parameters: TR, 2000 ms; TE, 68ms; spectral width,
2000 Hz; number of oversampled data, 2048; number of signal
averages, 256. GABA resonance at 3.01ppm was detected by appli-
cation of a refocusing pulse at 1.9 ppm during ON spectra and at
7.5 ppm during OFF spectra. Water signal suppression was
achieved with the chemical shift selective imaging technique. First-
and second-order shimming was performed for the voxels in the
ACC, and the water line widths resulted in,16Hz. Scan time was
approximately 9minutes.

Single-voxel 1H-MR spectroscopy with TE = 135ms was
obtained at the same voxels in the ACC (Fig 1), with the follow-
ing parameters: TR, 2000 ms; number of samples, 64. In addition
to MR spectroscopy, T1-weighted structural images were
obtained using the MPRAGE sequence with the following
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parameters: TR, 2000ms; TE, 3.55ms; flip angle, 8°; section thick-
ness, 1mm; and acquisition matrix, 256� 256.

MR Spectroscopy Data Processing
The raw GABA MR spectroscopy data were transferred to an off-
line computer and processed using home-programmed MR spec-
troscopy analysis software, which was programmed in Python
(https://www.python.org/). Raw data were averaged in the time
domain and baseline-corrected, and the areas under the GABA
and Glx peaks at 3.01 and 3.8 ppm were measured by fitting to
double and single Gaussian functions, respectively (Fig 2). The
data for 1H-MR spectroscopy at TE = 135ms were processed
using LCModel 6.3 (http://www.lcmodel.com/), and the creatine
peak was measured at 3.0 ppm and used as the internal reference.
GABA and Glx relative to creatine were quantified, and the
GABA-to-creatine ratio (GABA/Cr) and the Glx-to-creatine ratio
(Glx/Cr) were obtained. The GABA-to-Glx ratio (GABA/Glx)
was also obtained.

The volume fractions of brain parenchyma and gray matter in
the MR spectroscopy voxels were obtained from T1 MPRAGE
segmentation using the Statistical Parametric Mapping program
(SPM; http://www.fil.ion.ucl.ac.uk/spm/software/spm12) (Fig 1).
Last, GABA/Cr and Glx/Cr were adjusted by multiplying brain
parenchymal and gray matter volume fractions for each
individual.

Statistical Analyses
All statistical analyses were performed using SPSS Statistics 20
(IBM). Statistical significance was defined as P# .05. GABA and
Glx differences between the youth with Internet and smartphone

addictions and controls were evaluated
using the Student t test. Correlations
between neurotransmitters and psy-
chological tests were evaluated using
the Pearson correlation coefficient.
Differences in GABA and Glx levels
between pre- and postcognitive behav-
ioral therapy were tested using paired t
tests or paired Wilcoxon signed rank
tests based on whether the data met the
assumption for a normal distribution.

RESULTS
The results of demographics and psy-
chological tests are shown in Table 1.
The addiction group consisted of 9
males and 10 females diagnosed with
Internet and smartphone addictions.
The mean age was 15.47 6 3.06 years
and ranged from 11 to 22 years. The
control group consisted of 19 young
healthy subjects, sex- and age-matched
to the addiction group.

Internet and smartphone addiction
scores were significantly higher in the
addiction group compared with healthy
controls (P, .001) as well as depression

(P ¼ .018), state, trait, and total anxiety scores (P , .001, P ,

.001, and P¼ .001, respectively); the impulsivity score (P¼ .001);
insomnia severity (P ¼ .006); and poor sleep quality (P ¼ .008).
A significant difference in the intelligence quotient was not
observed between groups (P¼ .467).

Eight males and 4 females participated in cognitive behavioral
therapy. The mean age was 14.06 1.95 years and ranged from 11
to 17 years. Teenagers with Internet and smartphone addiction
significantly improved after 9weeks of cognitive behavioral ther-
apy based on Internet and smartphone addiction scales (P ¼ .001
and , .001, respectively), though Internet Addiction Test scores
and the summed scores of the Internet Addiction Test and
Smartphone Addiction Scale still met the criteria of Internet and
smartphone addiction. However, psychological and sleep test
scores were not significantly changed after therapy.

GABA levels in subjects with Internet and smartphone addic-
tions are summarized in Table 2, and GABA levels after 9weeks of
cognitive behavioral therapy are summarized in Table 3. Brain
parenchymal volume-adjusted GABA/Cr (bp-GABA/Cr) was higher
in the addiction group compared with the controls (P ¼ .028) and
significantly decreased after cognitive behavioral therapy (P¼ .034).
Gray matter volume–adjusted GABA/Cr (gm-GABA/Cr) was also
higher in the addiction group (P¼ .016) and significantly decreased
after cognitive behavioral therapy (P¼ .026; Fig 3A)

Glx levels in subjects with Internet and smartphone addiction
are summarized in Table 2, and Glx levels after 9weeks of cogni-
tive behavioral therapy are summarized in Table 3. A significant
difference in Glx levels was not observed in the addiction group
compared with the control group. Glx/Cr adjusted brain paren-
chymal (bp-Glx/Cr) and gray matter volumes (gm-Glx/Cr) were

FIG 1. GABA, Glx, and creatine measurements in the anterior cingulate cortex. GABA and single-
voxel 1H-MR spectroscopy with TE = 135ms are obtained from a voxel volume of 26.25mL (voxel
dimensions, 3.5 � 3.0 � 2.5 cm) in the anterior cingulate cortex. The volume fractions of brain
parenchyma and gray matter in the MR spectroscopy voxels are obtained from T1 MPRAGE seg-
mentation using the SPM program. Last, GABA/Cr and Glx/Cr are adjusted by multiplying brain
parenchymal and gray matter volume fractions for each individual.
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lower in the addiction group but without statistical significance
(P ¼ .375 and .587, respectively; Fig 3B). The Glx level was
increased after cognitive and behavioral therapy but without sta-
tistical significance (P¼ .096 and .131, respectively; Fig 3B).

The results of correlations between neurotransmitters and
psychological tests are described in Table 4. The GABA/Cr
adjusted with gray-matter volume fraction (gm-GABA/Cr)

positively correlated with the Internet Addiction Test and the
Smartphone Addiction Scale as well as the sum of both scales.
(Fig 4A) The bp-GABA/Cr correlated with the Internet
Addiction Test but was not significantly correlated with
Smartphone Addiction Scale.

The gm-GABA/Cr significantly correlated with the depression
score (P ¼ .046), state anxiety (P ¼ .032), and total anxiety (P ¼

FIG 2. Acquisition and spectral fitting of MEGA-PRESS MR spectroscopy. A, MR imaging data are acquired with a 3T MR imaging scanner with a
32-channel phased array head coil. The signal-to-noise ratio acquired on each channel is visually checked, and raw data with a low signal-to-noise
ratio (red characters) are removed from averaging. B, Selected raw data are averaged in the time domain and baseline-corrected, and the areas
under the GABA and Glx peaks at 3.01 and 3.8 ppm (red lines) are measured by fitting to double and single Gaussian functions, respectively.
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Table 2: Subjects with Internet addiction versus controls
bp-GABA/Cr gm-GABA/Cr wm-GABA/Cr bp-GLX/Cr gm-GLX/Cr wm-GLX/Cr

IA (mean) 73.85 6 22.74 49.10 6 15.27 24.90 6 8.25 167.74 6 43.44 106.87 6 39.90 56.25 6 13.74
Controls (Mean) 56.03 6 25.25 36.27 6 16.02 19.77 6 9.71 179.55 6 37.30 117.45 6 25.86 62.67 6 13.12
P value .028a .016a .088 .375 .587 .149

Note:—wm-GABA/Cr indicates white matter volume-adjusted GABA-to-creatine ratio; wm-GLX/Cr, white matter volume-adjusted glutamine and glutamate-to-creatine
ratio; IA, Internet addiction.
a P value # 05.

Table 3: Pre- and postcongnitive behavioral therapy data
bp-GABA/Cr gm-GABA/Cr wm-GABA/Cr bp-GLX/Cr gm-GLX/Cr wm-GLX/Cr

PreTx (mean) 74.20 6 23.58 46.77 6 15.95 24.43 6 8.32b 177.19 6 47.81 119.07 6 34.37 58.12 6 14.81
PostTx (mean) 52.72 6 14.52 34.60 6 9.28 18.11 6 5.67 215.65 6 48.31 142.46 6 34.54 73.19 6 16.40b

P value .034a .026a .071b .096 .131 .06b

Note:—PreTx indicates precognitive behavioral therapy; PostTx, postcognitive behavioral therapy.
a P# .05 based on paired t test or Wilcoxon signed rank test.
b wm-GABA/Cr in precognitive behavioral therapy was not in a Gaussian distribution, and the nonparamatric Wilcoxon signed rank test was applied in statistical analysis.

Table 1: Demographics, psychological tests, and pre- and postcognitive behavioral therapy data

Internet Addiction (Mean) Control (Mean)
P Value

PreTx (Mean) PostTx (Mean)
P Value(n= 19) (n= 12)

Sex (M/F) 9:10 1.0 8:4
Age (yr) 15.47 6 3.06 (range, 11–22) 1.0 14.00 6 1.95 (11–17)
IAT 63.32 6 15.15 27.37 6 4.83 , .001a 68.42 6 14.74 52.58 6 10.24 .001a

SAS 45.53 6 7.40 17.89 6 8.12 , .001a 45.83 6 6.42 30.67 6 6.85 , .001a

IAT1SAS 108.84 6 20.19 45.26 6 11.72 , .001a 114.25 6 19.43 83.25 6 15.52 , .001a

HRSD 3.53 6 5.92 0 6 0 .018a 2.00 6 3.69 0.25 6 0.62 .147
State STAI 46.11 6 7.75 31.95 6 9.99 , .001a 46.45 6 8.55 43.82 6 10.07 .441
Trait STAI 50.16 6 7.54 39.05 6 4.93 , .001a 49.27 6 7.84 45.36 6 7.89 .085
Total STAI 95.89 6 14.56 71 6 13.58 , .001a 95.06 6 16.19 89.18 6 17.55 .253
BIS 57.53 6 7.63 45.58 6 11.72 .001a 54.27 6 6.94 52.45 6 6.83 .093
ISI 6.89 6 4.977 3.11 6 2.558 .006a 5.17 6 3.74 5.00 6 4.43 .891
PSQI 5.95 6 3.24 3.53 6 1.87 .008a 4.67 6 2.31 4.83 6 2.92 .777
IQ 95.18 6 2.88 98 6 11.12 .467

Note:—PreTx indicates precognitive behavioral therapy; PostTx, postcognitive behavioral therapy; IAT, Internet Addiction Test; SAS, Smartphone Addiction Scale; HRSD,
Hamilton Rating Scale for Depression; STAI, State-Trait Anxiety Inventory; BIS, Barratt Impulsiveness Scale; ISI, Insomnia Severity Index; PSQI, Pittsburgh Sleep Quality
Assessment; IQ, intelligence quotient.
a P value# .05

FIG 3. The boxplots of GABA/Cr (A) and Glx to Glx/Cr (B) in healthy controls and Internet and smartphone addicted subjects pre- and postther-
apy. The horizontal line is the median, and the upper and lower ends of the boxes are the upper and lower quartiles, respectively. The vertical
lines represent data ranges. PostTX indicates postcognitive behavioral therapy.
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.031; Fig 4B). The bp-GABA/Cr significantly correlated with state
anxiety (P¼ .045) and total anxiety (P¼ .040).

Glx/Cr did not correlate with Internet and smartphone addic-
tions scores. The bp-Glx/Cr and gm-Glx/Cr significantly corre-
lated with insomnia (P ¼ .017 and P ¼ .009, respectively) and
sleep quality (P¼ .012 and .006, respectively; Fig 4C). Impulsivity
did not correlate with GABA or Glx levels.

DISCUSSION
The results of this study showed that GABA levels were higher
in the ACC in young subjects with Internet and smartphone
addictions and decreased after 9weeks of cognitive behavioral
therapy. The bp-GABA and gm-GABA correlated with depres-
sion and anxiety scores as well as Internet and smartphone addic-
tion scores. The bp-Glx and gm-Glx negatively correlated with
insomnia severity and sleep quality.

Recently, the high accessibility of smartphones has led to
severe functional impairments compared with conventional
Internet addiction. Smartphone addiction is a behavioral or tech-
nological addiction based on Internet use and shares core symp-
toms and risk factors with Internet addiction.22,23 Therefore,
smartphone addiction could be considered a category of Internet
addiction;23 thus, Internet and smartphone addictions were not
separated in this study.

GABA is the main inhibitory neurotransmitter and is present
at approximately one-third of all synapses.24 The GABA concen-
tration in the human brain is approximately 1mM.24 GABA is
present in inhibitory local interneurons and is approximately 7-
fold more concentrated in gray matter than in white matter.24,25

Therefore, the gm-GABA level was statistically more significant
than wm-GABA in this study (Tables 2–4). Glutamate is the
main component in Glx based on MR spectroscopy. Glutamate is
the major excitatory neurotransmitter, and GABA is mostly

synthesized from glutamate via decarboxylation.26 The concen-
tration of glutamate was also approximately 2-fold higher in gray
matter.25 GABA and glutamate are also key opposite modulators
of dopamine in mesocorticolimbic pathways, which are closely
associated with addiction4,27,28

In previous in vivo MR spectroscopy studies, the decreased
GABA level was associated with depression and autism spectrum
disorders.29 Schizophrenia did not show statistical significance in
the meta-analysis but tended to exhibit lower GABA levels. In
several studies, a low GABA level was reported in subjects with
attention deficit/hyperactivity disorder and panic disorder.30-33

GABAA receptor subunit expression has also been shown to exert
significant influence on substance and gambling addictions.28,34

A high signal-to-noise ratio is a technical challenge when using
MR spectroscopy to measure GABA levels. However, the occipi-
tal or parietal lobes have been evaluated in many GABA MR
spectroscopy studies without being implicated in the etiology of
psychiatric disorders, though homogeneous magnetic field and
increased signal-to-noise ratios were obtained.29

The ACC is the dopamine pathway associated with Internet
and substance addictions. The ACC also provides a higher signal-
to-noise ratio and a homogeneous magnetic field because the
ACC is distant from the skull and relatively close to the MR
imaging receiver compared with other regions of the mesocorti-
colimbic system such as the ventral tegmental area, nucleus
accumbens, insula, and prefrontal cortex. Therefore, the ACC
was thought to satisfy the hypothesis-driven and technical
approaches when using MR spectroscopy to study Internet
addiction.

In this study, GABA levels were increased in Internet- and
smartphone-addicted youth compared with other psychiatric dis-
orders and substance addictions. Two mechanisms can be postu-
lated for the increased GABA levels in Internet and smartphone
addiction. One involves the different neurobiology of Internet or

Table 4: Correlation between neurotransmitter and psychological tests
bp-GABA/Cr gm-GABA/Cr wm-GABA/Cr bp-GLX/Cr gm-GLX/Cr wm-GLX/Cr

IAT r 0.345 0.387 0.252 –0.088 –0.029 –0.192
P value .034a .016a .127 .599 .863 .249

SAS r 0.300 0.323 0.250 –0.209 –0.172 –0.240
P value .067 .048a .129 .209 .302 .146

IAT1SAS r 0.336 0.372 0.260 –0.144 –0.093 –0.219
P value .039a .022a .116 .388 .578 .186

HRSD r 0.312 0.326 0.298 –0.201 –0.17 –0.201
P value .057 .046a .069 .227 .308 .227

State STAI r 0.327 0.348 0.274 0.075 0.096 0.028
P value .045a .032a .095 .655 .566 .867

Trait STAI r 0.294 0.305 0.263 –0.197 –0.173 –0.212
P value .073 .062 .111 .235 .300 .202

Total STAI r 0.335 0.350 0.291 –0.071 –0.048 –0.097
P value .040a .031a .077 .674 .770 .564

BIS r 0.132 0.145 0.109 –0.06 –0.042 –0.079
P value .429 .386 .513 .72 .800 .637

ISI r 0.073 0.037 0.139 –0.386 –0.419 –0.255
P value .664 .824 .405 .017a .009a .123

PSQI r 0.235 0.194 0.305 –0.405 –0.439 –0.264
P value .155 .242 .063 .012a .006a .109

Note:—PreTx indicates precognitive behavioral therapy; PostTx, postcognitive behavioral therapy; IAT, Internet Addiction Test; SAS, Smartphone Addiction Scale; HRSD,
Hamilton Rating Scale for Depression; STAI, State-Trait Anxiety Inventory; BIS, Barratt Impulsiveness Scale; ISI, Insomnia Severity Index; PSQI, Pittsburgh Sleep Quality
Assessment.
a P value# .05.
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behavioral addiction, and the other involves tolerance or an anti-
reward mechanism. GABA inhibits synaptic signal transmission
in the central nervous system. Activation of GABAA and GABAB

receptors hyperpolarizes neurons and inhibits action potential
generation and neurotransmission.24 The inhibition of GABA at
the synapse attenuates the function of involved neural networks.
Therefore, the increased GABA levels in subjects with Internet
and smartphone addiction may be associated with the down-reg-
ulation of ACC functions, including impulsiveness control during
the decision-making process under conditions of risk.18

The ACC is also important for input integration and regula-
tion of processing in cognitive and emotional neural networks.35

In many neuroimaging and animal studies, the ACC was shown
to be associated with affective disorders (Fig 1).35-37 ACC func-
tional loss caused by lesions produces symptoms of emotional
instability, inattention, and decreased social interaction.35,37 The

emotional and personal traits caused by neurotransmitter
derangement include risk factors for Internet and smartphone
addictions and may be shared with the pathophysiology of psy-
chiatric comorbidities in Internet and smartphone addiction,
such as depression, attention deficit/hyperactivity disorder, and
hostility.1,2 In a meta-analysis, Internet addiction was strongly
associated with comorbid psychopathology, though the causal
interaction could not be defined because of the insufficient longi-
tudinal study.38 In this study, the risk factors and psychiatric
comorbidities of Internet and smartphone addiction were possi-
bly associated with decreased ACC function due to increased
GABA levels (Table 4 and Fig 4).

Glutamate was shown to enhance the ACC functions in emo-
tion processing and personal traits in previous studies.13-15 The
ACC glutamate concentration was positively correlated with
impulsivity.14 Conversely, reduced ACC glutamate concentration

FIG 4. The correlations between neurotransmitters and clinical scales of Internet addiction and psychological tests. A, The gm-GABA/Cr is sig-
nificantly correlated with the Internet Addiction Test (circle and dashed line) and the Smartphone Addiction Scale (x and dotted line) as well as
the sum of both scales (square and solid line). B, The gm-GABA/Cr was significantly correlated with the depression scale (circle and dashed line),
total anxiety score (x and dotted line), and state anxiety score (square and solid line). C, The gm-Glx/Cr was correlated with insomnia (circle and
dashed line) and sleep quality scores (square and solid line). IAT indicates Internet Addiction Test; SAS, Smartphone Addiction Scale; HRSD,
Hamilton Rating Scale for Depression; STAI-S, State-Trait Anxiety Inventory to measure state component of anxiety; PSQI, Pittsburgh Sleep
Quality Assessment.
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increased the risk of exposure to noxious stimulation, concerns
regarding potential problems, and the fear associated with uncer-
tainty.13,15 The negative correlations of Glx with insomnia sever-
ity and sleep quality in this study may be explained by decreased
emotional ACC functions. In this study, the change in GABA lev-
els after cognitive behavioral treatment showed that the GABA
change was not the structural change of GABAergic interneurons
but a functional change of GABAergic inhibition.29 The neuro-
transmitters can be reversed and normalized with improvement
regarding Internet and smartphone addiction and comorbidities.

This study had several limitations. First is the reproducibility
issue of GABA MR spectroscopy. GABA levels can be affected by
age, sex, and circadian rhythm. In a previous study, the GABA
level was lower in older subjects on the basis of the age-related
gray matter loss; however, the tissue-corrected GABA analysis
could correct the age effect.28,39 Although the neurotransmitters
in youth can be changed by the developing brain volume before
and after puberty, the change of neurotransmitters in healthy
youth has not yet been reported. Males showed higher specific
GABA receptor subunits in tissue analysis,40 and GABA levels
were increased at the time of ovulation in females.41 However, in
this study, tissue-corrected GABA analysis and exact sex- and
age-matched case and control groups were used to reduce the
biologic variability. We tried to improve the technical reproduci-
bility of MR spectroscopy as much as possible with the use of
large voxel volume and careful positioning in the ACC, as well as
preparing very low first- and second-order shimming values.

Another limitation was the relatively small sample size of the
study population, particularly in cognitive behavioral therapy. A
future study with a larger sample size could clarify the roles of
neurotransmitters in subjects with Internet and smartphone
addiction. Last, the MR spectroscopy analysis used did not sepa-
rate the glutamate peak from the glutamine peak. MEGA-PRESS
MR spectroscopy with a 1.9-ppm editing pulse can separate the
Glx signal at 3.7 ppm as well as GABA at 2.01 ppm,42 and the Glx
concentration detected on MR spectroscopy was very likely asso-
ciated with excitatory neurotransmission.43

CONCLUSIONS
A higher GABA level in the ACC was associated with Internet
and smartphone addiction. The high GABA level in Internet and
smartphone addiction was normalized after cognitive behavioral
therapy. In addition, GABA and Glx levels were correlated with
clinical scores obtained using standard psychological tests. The
abnormal GABA level or disrupted balance between GABA and
Glx including glutamate in the ACC may contribute to under-
standing the biochemical and molecular basis of the Internet and
smartphone addiction and the associated comorbidities that
could be used to devise appropriate treatments.

Disclosures: Hyung Suk Seo—RELATED: Grant: National Research Foundation of
Korea (2013R1A1A1012361).
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Brain Cortical Structure and Executive Function in Children
May Be Influenced by Parental Choices of Infant Diets

T. Li, T.M. Badger, B.J. Bellando, S.T. Sorensen, X. Lou, and X. Ou

ABSTRACT

BACKGROUND AND PURPOSE: While it is known that breastfeeding promotes healthy brain development in children, the potential
effects of formulas substantially differing in composition (ie, milk-based versus soy-based) during infancy on brain development are unclear.

MATERIALS AND METHODS: Seventy-one 8-year-old children who were predominantly breastfed, milk formula fed, or soy formula
fed during infancy were recruited for an MR imaging examination of the brain and a Behavior Rating Inventory of Executive
Function assessment (completed via a questionnaire to the parents). Brain cortical features measured from MR imaging such as
cortical thickness and surface area were extracted and compared among groups and correlated with Behavior Rating Inventory of
Executive Function test scores.

RESULTS: Clusters in the frontal and occipital lobes showed significant differences (cluster-wise P # .05, corrected for multiple
comparisons) in cortical thickness or surface area among the 3 diet groups. The effects were more prominent for boys, particularly
for comparison of the milk formula fed versus soy formula fed boys. Assessments of executive function and behavior showed sig-
nificantly lower Behavior Rating Inventory of Executive Function test scores in soy formula fed versus milk formula fed groups,
which were mostly attributed to differences in boys. There were no differences between milk formula fed and breastfed groups
for either sex. Mean cortical thickness for several of the clusters in the brain showing infant diet–associated effects significantly
correlated with Behavior Rating Inventory of Executive Function scores.

CONCLUSIONS: Choices of infant diets (ie, breastfed, milk formula fed, soy formula fed) may have long-term and sex-specific
effects on the cortical development and executive function and behavior of children’s brains.

ABBREVIATIONS: BF ¼ breastfed; BRIEF ¼ Behavior Rating Inventory of Executive Function; MF ¼ milk formula fed; SF ¼ soy formula fed

The World Health Organization recommends exclusive breast-
feeding for neonates to up to 6months of age and continued

breastfeeding in combination with other foods to age 2 years or

older. The American Association of Pediatrics also reaffirmed its
breastfeeding guidelines, which are essentially consistent with the
World Health Organization recommendations.1 With breastfeed-
ing support from all sectors of society, the breastfeeding rate in the
United States has been increasing in recent years. The most recent
Centers for Disease Control and Prevention Breastfeeding Report
Card shows that currently, 83.2% of children born in United States
started out breastfeeding, 46.9% of all infants were exclusively
breastfed at 3months, and 57.6% of all infants were at least par-
tially breastfed at 6months.2 For those who did not start out
breastfeeding or ended sooner than recommended, cow’s milk pro-
tein-based formula has been the main alternative. Soy protein–
based formula currently accounts for a small percentage of the
infant formula market in the United States but remains useful for
infants allergic to milk formula or for parents wishing to maintain
a vegetarian lifestyle. Soy-based formula and milk-based formula
sold in the United States meet specific requirements of the US
Food and Drug Administration for nutrient content. A major dif-
ference in soy formula and all other formulas is that the soy protein
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used in soy-based formula contains isoflavones, which can have
weak estrogenic activity, and this has led some health professionals
to be concerned about sexual development and reproduction in
children fed soy formula. Nevertheless, there is no conclusive evi-
dence from the current literature to show adverse effects on human
development, reproduction, or endocrine function of dietary soy
isoflavones.3

Many studies have observed benefits to children’s health
and development associated with breastfeeding, including promo-
tion of neurodevelopment such as higher intelligence.4,5 Recent
neuroimaging studies have also revealed the effects of breastfeeding
or breast milk intake on children’s brain development, including
increased total brain volume and white matter volume associated
with a higher percentage of breast milk intake in boys born pre-
term;6 a positive association between the duration of exclusive
breastfeeding and cortical thickness in the superior and inferior pa-
rietal lobes;7 better white matter development in frontal and associ-
ation brain regions associated with exclusive breastfeeding;8 as well
as higher regional gray matter volume in the inferior temporal lobe
and superior parietal lobe and higher white matter integrity in the
left brain hemisphere (in boys) in breastfed-versus-formula fed chil-
dren.9,10 Few studies have evaluated whether there are brain devel-
opmental differences associated with soy- versus milk-based
formulas, despite findings that estrogen may play an important role
in neurodevelopment11 and soy isoflavone may have important
implications in cognitive function.12 To our knowledge, the only
published data on soy formula–brain effects were electroencephalo-
graphic and event-related potential evaluations of cortical activity,
in which differences in brain electrical activity associated with infant
diets were observed during the first year of life.13,14

Infant diets may have long-lasting effects on brain anatomy
and function and neurobehavioral outcomes, through program-
ming mechanisms that remain to be fully elaborated. In this study,
we hypothesized that there are structural differences in the brain
cortex of school-age children that are associated with type of diet
during infancy, ie, breastmilk, cow’s milk formula, or soy formula.
We also hypothesized that these brain structure differences are
associated with differences in behavior, particularly, parent-
reported executive functioning. To test the hypothesis, we recruited
healthy 8-year-old children who were predominately breastfed
(BF), cow’s milk formula fed (MF), or soy formula fed (SF) during
the first year of life and evaluated their brain cortical development
using MR imaging and their executive function and behavior using
the Behavior Rating Inventory of Executive Function (BRIEF)
assessment. Specifically, we measured brain cortical thickness and
surface area, as well as behavioral regulation and Metacognition
Indexes and other BRIEF subscales, and compared those parame-
ters among the 3 diet groups. We also tested whether there are sig-
nificant correlations between these MR imaging parameters and
BRIEF test scores regardless of the infant diet group.

MATERIALS AND METHODS
Subjects
Healthy 7.5- to 8.5-year-old children were recruited for this brain
power study (Infant Diet Effects on Brain Function and Language
Processing; ClinicalTrials.gov Identifier: NCT00735423). All exper-
imental procedures were approved by the institutional review

board of the University of Arkansas for Medical Sciences, and all
participants provided assent as well as parental consent. Inclusion
criteria for the participants included the following: 90–101months
of age; parental report of full-term gestation at birth (38–42weeks);
parental report of birth weight between the 5th and 95th percentile
for age (2.5–4.2 kg); and parental report of predominant use of
breast milk, milk-based formula, or soy-based formula during
infancy. BF infants were exclusively or partially breastfed for at
least 8months (rounded to the closest number) before completely
transitioning to formula or other diets; MF and SF infants were fed
for same type of formula (cow’s milk–based or soy-based) since
the first weeks of life throughout the first year of life. Exclusion cri-
teria for the participants included the following: maternal use of
alcohol, tobacco, illicit drugs, or psychotropic medications during
pregnancy; illnesses and chronic diseases that may affect children’s
growth or development; psychological/psychiatric diagnoses; neu-
rologic impairment or injury; history or current use of anticonvul-
sant, stimulant, or mood-stabilizing medications; and history or
current use of remedial special education services. In total, 71 chil-
dren had valid structural MR imaging data and were included in
this study. Among them, 68 children had completed BRIEF assess-
ment by their parents. The demographic information of the study
subjects is listed in Table 1.

MR Imaging Data Acquisition
All children had a brain MR imaging at the radiology depart-
ment of the Arkansas Children’s Hospital on a 1.5T Achieva
scanner (Philips Healthcare) with a 60-cm bore size, 33-mT/m
gradient amplitude, and 100-mT/m/ms maximum slew rate.
The built-in body coil was used as a transmitter, and a standard
8-channel sensitivity encoding head coil was used as a receiver.
Structural imaging data of the brain were acquired using a T1-
weighted 3D turbo field echo pulse sequence with the following
parameters: TR ¼ 7.3ms; TE ¼ 3.4ms; flip angle ¼ 8°; acquisi-
tion voxel size ¼ 1 � 1 � 1 mm; matrix size ¼ 256 � 232 �
150; two averages; and 7minutes of scan time. All images were
reviewed on the scanner at the time of scanning, and scans with
substantial motion artifacts were repeated.

MR Imaging Processing
All T1-weighted MR images were exported to a Macintosh com-
puter with FreeSurfer software (http://surfer.nmr.mgh.harvard.
edu) for cortical analysis. Standard preprocessing steps were
applied, including motion correction, nonbrain tissue removal,
and transformation to the Talairach space. Imaging segmentation
(to white matter, gray matter, and CSF) was then performed, fol-
lowed by intensity normalization, tessellation of cortical gray/
white matter boundaries, automated topology correction, and
surface deformation. Cortical images were registered to a spheric
atlas to match geometry across subjects and parcellated to differ-
ent brain regions on the basis of anatomy. In addition, a full
width half maximum Gaussian blurring kernel of 10mm was
applied to smooth the parameter maps. All processed or interme-
diate images were visually inspected to ensure quality. Cortical
thickness and outer surface area were calculated, respectively,
from distances between gray/white and gray/CSF boundaries and
the area of all vertices along the surface. The cortical thickness
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and surface area parameter maps were then fed to a General
Linear Model (GLM) in FreeSurfer for group comparisons.

BRIEF Assessment
The BRIEF is an 86-item questionnaire for parents that assesses
executive function and behavior for their children and adolescents
5–18 years of age.15 The parents of children who completed MR
imaging were requested to complete the BRIEF assessment. Eight
clinical subscales were derived from the answers to the quest-
ionnaire, including Inhibit, Shift, Emotional Control, Initiate,
Working Memory, Plan/Organize, Organization of Materials, and
Monitor. These 8 subscales formed 2 indexes regarding the child-
ren’s executive function and behavior: the Behavioral Regulation
Index (BRI) and Metacognition Index, and 1 overall score: Global
Executive Composite (GEC). In addition, we also obtained 2 va-
lidity scores: Negativity (reflects the extent to which the question-
naire was answered in an unusually negative manner) and
Inconsistency (reflects the extent to which the respondent answers
similar questions in an inconsistent manner). All BRIEF scores/
indexes/subscales were compared among the 3 diet groups, and
their correlations with MR imaging–measured cortical thickness
and surface area were also calculated.

Statistical Analysis
All comparisons of demographic parameters were conducted using
the x 2 test for categoric data and the ANOVA with the distribu-
tion assumption test for quantitative data, and P# .05 was
regarded as significant. Numeric data were presented as mean 6

SD. All comparisons of BRIEF scores among different diet groups
were conducted using the Mann-Whitney U test. All correlation
tests between MR imaging parameters and BRIEF scores were con-
ducted using the Spearman correlation test. For imaging para-
meters, all global features such as mean cortical thickness and

surface area were compared among
groups using a 1-way F test. Group dif-
ferences in regional imaging parameters
(cortical thickness and surface area)
were tested using GLM with the
Different Offset, Different Slope
(DODS) method in FreeSurfer.
Specifically, to test the diet group differ-
ences, we used GLMs with DODS to fit
in each vertex for cortical thickness or
cortical surface area, which was a de-
pendent variable. The feeding type (BF,

MF, or SF) was used as an independent variable, and sex and age
were included as covariates because of reported sex differences16

and continued brain cortical development17 at this age. Total brain
volume was included as a covariate in the surface area analyses but
not in the cortical thickness analyses because a previous report
showed that normalizing by intracranial volume did not improve
the discriminant and predictive performance of cortical thickness
measures.18 All analyses were applied to each hemisphere separately.
The P # .0001 threshold was used for cluster forming for the ver-
tex-wise analyses. Clusters were obtained after removing the effects
of all covariates. To identify clusters with significant differences after
appropriate multiple comparison correction, we applied the prec-
ached cluster-wise Monte Carlo simulation with 10,000 iterations to
every cluster. A corrected cluster-wise P # .05 was regarded as sig-
nificant. In addition, stratified analyses were also applied to the
boys’ and girls’ subgroups, respectively.

RESULTS
MR Imaging Findings
There were no significant differences in the demographic charac-
teristics across the 3 feeding groups (Table 1). No significant
group effects among BF/MF/SF groups were observed for global
imaging features of the brain such as mean cortical thickness,
total surface area, total cortical gray matter volume, and intracra-
nial volume. Details are listed in Table 2.

In total, 8 clusters showed significant infant diet–related differ-
ences (P# .05, after multiple comparison correction) in the com-
bined or sex-specific regional analyses of cortical thickness and
surface area, as summarized in Table 3, and location as illustrated
in On-line Fig 1. Specifically, higher cortical thickness (P # .05,
corrected) was found in a cluster in the right cuneus (cluster 1)
when comparing all MF-versus-all BF children. It appears that the
differences in this cluster were primarily driven by differences in

Table 1: Demographic information of the 8-year-old children participating in the study

BF (n= 22) MF (n= 25) SF (n= 24) P Value
Sex (M/F) 10/12 10/15 11/13 .90
Weight (mean) (kg) 27.8 6 6.3 27.7 6 5.1 27.2 6 4.8 .90
Height (mean) (cm) 127.7 6 4.7 128.5 6 4.1 125.9 6 5.3 .16
Age at MR imaging (mean) (yr) 7.98 6 0.29 7.93 6 0.25 7.87 6 0.25 .33
BRIEF completed (M/F) 10/12 10/13 10/13 .99
Mother’s education (no/partial or full/above college) 0/9/5 0/9/6 1/6/7 .54
Father’s education (no/partial or full/above college) 2/10/2 2/10/3 3/9/0 .56
Mother’s annual income (,$20,000/$20,000–$59,999/>$59,999) 6/3/3/0 12/3/7/2 11/2/6/3 .52
Father’s annual income (,$20,000/$20,000–$59,999/>$59,999) 14/0/9/5 15/0/8/7 11/0/5/6 .63

Table 2: Global imaging features for the 3 feeding groups

Features BF (Mean) MF (Mean) SF (Mean)
F

Score
P

Value
LH mean cortical thickness (mm) 2.77 6 0.09 2.76 6 0.09 2.78 6 0.09 0.30 .74
RH mean cortical thickness (mm) 2.76 6 0.08 2.75 6 0.10 2.78 6 0.09 0.64 .53
LH surface area (cm2) 905 6 83 893 6 78 933 6 104 1.28 .29
RH surface area (cm2) 902 6 80 897 6 83 937 6 104 1.43 .25
LH cortical volume (cm3) 291 6 25 289 6 24 300 6 31 1.26 .29
RH cortical volume (cm3) 290 6 24 289 6 26 301 6 32 1.50 .23
Total intracranial volume (cm3) 1490 6 127 1502 6 123 1529 6 149 0.5 .61

Note:—LH indicates left hemisphere; RH, right hemisphere.
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the male subgroups because a similar cluster (cluster 2) showed
higher cortical thickness (P# .05, corrected) in MF-versus-BF
boys, while there were no significant differences between MF and
BF girls. In addition, a small cluster in the left pericalcarine cortex
(cluster 3) also showed higher cortical thickness (P# .05, cor-
rected) in MF-versus-BF boys. When comparing all MF-versus-all
SF children, there were no significant differences between groups
in any regions. However, sex-specific analyses showed that 2 clus-
ters (clusters 4 and 5) in the right cuneus and 1 cluster in the left
lingual gyrus (cluster 6) showed higher cortical thickness (P# .05,
corrected) in MF-versus-SF boys, while 1 cluster in the right pre-
central gyrus (cluster 7) showed lower cortical thickness (P= .046)
in MF-versus-SF girls. There were no significant differences in
cortical thickness for BF-versus-SF comparisons (combined or sex-
specific). Finally, higher surface area (P # .05, corrected) was also
observed in a cluster in the left middle frontal gyrus (cluster 8)
when comparing MF-versus-SF boys, while no other group differ-
ences in surface area were found in the combined or sex-specific
analyses.

BRIEF Assessment Findings
None of the children for any diet groups showed clinically sig-
nificant symptomatology on the BRIEF assessment (GEC score
or Metacognition Index/BRI index of .65). The mean
Negativity (0.1 6 0.3 for BF, 0.1 6 0.5 for MF, 0 6 0 for SF)
and Inconsistency scores (2.3 6 1.6 for BF, 2.8 6 1.4 for MF,
2.36 1.9 for SF) were low and below the validity threshold, and
there were no differences among the 3 diet groups (P . .05 for
any comparison). Other BRIEF assessment scores are presented
in On-line Fig 2. Specifically, the overall mean GEC scores were
not different in BF versus MF or BF versus SF but were signifi-
cantly higher in MF versus SF (46.8 6 6.7 versus 42.4 6 6.4,
P¼ .049). The differences were driven by differences in boys
(sex-specific analyses showed 45.3 6 3.6 versus 38.6 6 4.9,
P¼ .006 for boys, and 48.0 6 8.4 versus 45.4 6 6.0, P¼ .55 for
girls). Likewise, the mean Metacognition Indexes were not dif-
ferent in BF versus MF or BF versus SF but were significantly
higher in MF versus SF (47.6 6 7.0 versus 42.7 6 7.6, P¼ .016),
driven by differences in boys (45.5 6 5.0 versus 38.4 6 5.6,
P¼ .008) but not girls (49.2 6 8.1 versus 46.0 6 7.4, P¼ .21).
The mean BRI indexes were not different for the BF/MF, BF/SF,
or MF/SF comparisons. However, there was a trend of lower
BRI scores in SF boys (40.2 6 5.9) compared with MF boys

(45.3 6 4.5, P¼ .06) or BF boys (47.4 6 9.0, P¼ .06). For the 8
specific BRIEF clinical subscales, SF boys had lower scores com-
pared with MF boys in Shift (P¼ .047), Initiate (P¼ .004), Plan/
Organize (P¼ .02), and Monitor (P¼ .02), which contributed to
lower scores for all SF versus all MF in Initiate (P¼ .01), Plan/
Organize (P¼ .03), and Monitor scores (P¼ .007), despite no
significant differences between SF and MF girls in any of these 8
measures. None of the BF/SF or BF/MF comparisons showed
significant differences in any of these 8 measures. Overall, while
all children had BRIEF scores within the normal range, SF boys
showed less parent-reported executive functioning or behavior
issues.

Correlations between MR Imaging Measurements and
BRIEF Scores
For the clusters that showed significant differences in regional
cortical thickness or surface area among different diet groups
(see the MR Imaging Findings section above), the correlations
between these morphometric features with each of the BRIEF
scores/indexes/subscales were also tested. For boys, the overall
GEC scores (On-line Fig 3) significantly correlated with cluster
cortical thickness in cluster 1 (r¼ 0.51, P¼ .004), cluster 2
(r¼ 0.54, P¼ .002), cluster 4 (r¼ 0.56, P¼ .001), and cluster 6
(r¼ 0.41, P¼ .02). There were no significant correlations
between GEC scores and cortical thickness or surface area in
other clusters (On-line Table). For girls, there were no signifi-
cant correlations between GEC scores and any cluster features
(cortical thickness or surface area). Similarly, for the BRI and
Metacognition indexes and the 8 BRIEF subscales, significant
correlations with cortical thickness in clusters 1, 2, 4, and 6 were
observed in a number of tests for boys, while no significant cor-
relations were observed for girls (except for correlation between
working memory score and cortical thickness in cluster 6,
r¼ 0.38, P¼ .02) (On-line Table).

DISCUSSION
The first year of life is a critical period for normal brain develop-
ment. Total brain volume doubles in the first year, which includes a
149% increase in gray matter volume and an 11% increase in white
matter volume.19 Influences on the brain development during this
time, such as those associated with infant diet, may have profound
and prolonged effects on long-term brain development and neuro-
developmental outcomes. In this study, we evaluated brain cortical

Table 3: Clusters that showed significant differences (P £ .05, corrected) in group comparisons of cortical thickness or surface
areaa

Cluster No. Size (mm2)
No. of
Vertices

Peak Coordinate Peak Vertex
t Value

Cluster-Wise
P Value Relationshipsx y z

1 106 134 9.9 –87.1 17.7 5.05 .007 All: MF.BF
2 132 165 10.7 –87.4 18.5 5.38 .003 Boys: MF.BF
3 128 180 –11.4 –74 12.7 5.34 .004 Boys: MF.BF
4 151 189 11.2 –87.8 18.5 4.76 .001 Boys: MF.SF
5 78 100 3.6 –74.2 14.3 4.88 .02 Boys: MF.SF
6 87 82 –7.8 –87.9 –10.8 4.65 .01 Boys: MF.SF
7 53 117 15.2 –16 64.5 4.38 .046 Girls: SF.MF
8 138 220 –32.9 8.5 55.3 4.77 .01 Boys: MF.SFa

a For surface area comparison; everything else: for cortical thickness comparison.
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thickness and surface area measurements by neuroimaging in 3
groups of 8-year-old children who were predominately BF, MF, or
SF during infancy. While there were no group differences on the
whole-brain average of these imaging features, we observed signifi-
cant differences in cortical thickness and surface area associated
with infant diets in several clusters in the brain cortex. These find-
ings were mostly attributed to differences in boys but not girls.
Likewise, we also observed group differences in assessments of exec-
utive function and behavior in these children, with significant find-
ings in boys but not in girls. In particular, SF boys showed lower
cortical thickness and smaller cortical surface area in several regions
of the brain. Meanwhile, SF boys showed lower parent-reported
BRIEF scores compared with MF boys, while MF and BF groups
had comparable BRIEF scores for both boys and girls. There were
also significant correlations between overall BRIEF scores and
mean cortical thickness in several of the cortical clusters that
showed significant group differences associated with infant diets,
indicating potential structural-functional relationships for these
brain regions. In summary, our findings suggested that infant diets
may have long-term effects on children’s brain structural develop-
ment and functional outcomes, particularly for boys who were pre-
dominately fed milk or soy protein–based formulas. Nevertheless,
despite statistically significant regional cortical differences in SF and
MF boys in the MR imaging data, the BRIEF data for all children
were within the normal range, and formula feeding per se during
infancy did not result in clinically significant executive function and
behavior abnormalities at 8 years of age.

Brain developmental differences associated with different infant
diets such as breastfeeding versus formula feeding have been
reported in recent years.7-10,20 The reported effects apparently were
also more prominent in boys versus girls because some of these
studies only observed diet-associated brain differences in boys but
not in girls. For example, fractional anisotropy, a reflection of white
matter microstructural integrity (such as myelination), was signifi-
cantly higher in several white matter regions in breastfed-versus-
formula fed boys, while it was similar in girls.9 In addition, the per-
centage of expressed maternal breastmilk in the infant diet posi-
tively correlated with total white matter volume in boys but not in
girls, though the cohort studied were all born preterm.6 Benefits to
neurodevelopmental outcomes associated with breastfeeding have
also been widely reported, and a large-scale randomized controlled
trial (randomization to a breastfeeding promotion intervention
program targeted at increasing breastfeeding exclusivity and the
duration among those already having decided to initiate breast-
feeding) did observe a slightly higher treatment effect in verbal
intelligence quotient for boys versus girls (8.0- versus 7.0-point
increase for the intervention group).5

Beyond infant diets, it also appears that in general, the develop-
ing brain in boys is more vulnerable to adverse environmental
influences and early life experience;21 this vulnerability may point
to a sex-specific difference in brain malleability in response to early
life events. One main finding of this study was significant differen-
ces in brain cortical development and executive function and
behavior between SF andMF boys but not girls. The exact underly-
ing mechanisms for this observation remain to be uncovered. One
speculation is that the high concentration of phytoestrogens/isofla-
vones contained in soy milk may have played a role. SF infants

have circulating phytoestrogen concentrations several magnitudes
higher than endogenous estrogens. Although the potency of phy-
toestrogens is significantly lower than endogenous estrogens, the
presence of circulating soy phytoestrogens may account for the
effects observed herein. This possibility would be in agreement
with reports in lab animals suggesting that phytoestrogens may
interfere with the organizational role of estrogen in the developing
human brain.22 While the effects of endocrine disruption on sexu-
ally dimorphic brain regions in rodents have been extensively stud-
ied, how estrogenic compounds would impact sex-specific changes
in human brain development is not as clear. Nevertheless, it is
known that male and female brain regions respond differently to
estrogens.23 Therefore, it is possible that the assumed estrogenic
effects of soy formula feeding on the infant brain and neurodevel-
opment were sex-specific. In fact, clinical studies of the effects of
soy isoflavones on cognitive function in adults have shown
improvement in cognitive functions for women, but results for
men have been inconsistent,24-27 also suggesting that the putative
soy isoflavone effects may be sex-specific.

The brain regions showed that infant diet–associated effects
on cortical thickness or surface area in these 8-year-old children
mostly involved the cuneus and the pericalcarine cortex. These
are areas usually regarded as the primary visual cortex, with a
main function of basic visual processing. Other brain regions that
showed infant diet–related effects included the following: the lin-
gual gyrus, which is also linked to visual processing as well as
encoding visual memories; the precentral gyrus, commonly
known as the primary motor cortex and controls voluntary
movement; and the middle frontal gyrus, which is implicated in a
number of brain functions, such as language and cognition.
Previous studies reporting associations between infant diets (par-
ticularly breastfeeding) and children’s brain cortical development
(such as cortical thickness or regional gray matter volume) have
observed significant effects primarily in the parietal and temporal
lobes.7,10 Our study revealed additional brain regions in the fron-
tal and occipital lobes that were also impacted by infant diets,
indicating possibly widespread and profound effects of early
nutrition on children’s brain development.

Brain regions with diet effects on cortical measurements
observed in this study were different from those in a previous study
of 8-year-old children focused on regional gray matter volume.10 It
is possible that methodologic differences in these studies contrib-
uted to the apparent discrepancy. For example, regional gray matter
volume measurements are often normalized to total brain volume,
while cortical thickness measurements may be more sensitive with-
out normalization.18 The sensitivity of cortical thickness to develop-
mental changes may also be impacted in some brain regions by the
competing effects of initial development during infancy and normal
thinning, which starts in early childhood. The regions observed in
this study were primarily involved in visual, motor, and language/
cognitive functioning, respectively. While breastfeeding versus for-
mula feeding did not appear to significantly impact children’s visual
outcome,28 exclusive breastfeeding or longer breastfeeding duration
was favorably associated with physical fitness,29 language develop-
ment,30 and cognition/intelligence in children.31 In addition, we
observed significant correlations between cortical thickness in visual
processing areas in the occipital lobe (cuneus and lingual gyrus)
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and executive function and behavior evaluated by the BRIEF assess-
ment. While the exact structural/functional relationship of this find-
ing is unclear, the ability to search and process visual information is
a prerequisite for many executive function. Furthermore, animal
studies32 and human studies33 have shown the effects of soy isofla-
vones on visual memory, which may be a reflection of structural
influences, particularly in the visual pathways. Overall, the areas
that showed significant differences in cortical thickness or surface
area in this study were quite small, and the biologic meaning based
on these results remains unclear and will need further investigation.

The main limitation of this study is that the study subjects
were recruited at 8 years of age, and the infant diet pattern was
self-reported by parents. While parents reported the dominant
feeding type (BF, MF, or SF), some of the other important nutri-
tional information is missing, such as the precise nutrient compo-
nent of the diets, exclusivity of feeding type, and amount of
intake per feeding. In addition, while we controlled for age and
sex in the data analysis, additional potential confounding factors
were not controlled, such as nutrition and lifestyle after infancy
and other postnatal factors (limited by the retrospective study
design and lack of methods to quantify), possibly impacting
children’s brain development and neurodevelopmental outcomes
as well. Also, family environment and socioeconomic status,
which is likely another potential confounder to be considered,
was only compared among groups (no significant differences
were found) but not included as a covariate in the data analysis
due to incomplete data. In this study, we focused on cortical
measurements, while other important brain features such as
microstructural development and connectivity were not studied.
The sample size, if breaking down to each diet group and each
sex, was also relatively small; and the parent-reported BRIEF
assessment was an indirect measure of executive function.
Follow-up MR imaging and neurodevelopmental evaluations on
a larger and prospective cohort of children with different infant
diets are underway, with key potential covariates carefully meas-
ured. This follow-up study will be helpful to confirm the findings
in the current report.

CONCLUSIONS
The composition of the typical choices available for an infant’s
diet (ie, BF, MF, SF) may have profound and long-term effects
on children’s brain development, which can be reflected by
brain imaging and executive function assessment at 8 years of
age. The effects appear to be sex-specific, with boys more likely
to show diet-associated effects than girls. The findings support
the idea that soy-based formula may alter later life brain anat-
omy and function but that any changes are modest and do not
lead to clinically relevant deficits or abnormal outcomes.
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Spine MRI in Spontaneous Intracranial Hypotension for CSF
Leak Detection: Nonsuperiority of Intrathecal Gadolinium to

Heavily T2-Weighted Fat-Saturated Sequences
T. Dobrocky, A. Winklehner, P.S. Breiding, L. Grunder, G. Peschi, L. Häni, P.J. Mosimann, M. Branca,

J. Kaesmacher, P. Mordasini, A. Raabe, C.T. Ulrich, J. Beck, J. Gralla, and E.I. Piechowiak

ABSTRACT

BACKGROUND AND PURPOSE: Spine MR imaging plays a pivotal role in the diagnostic work-up of spontaneous intracranial hypoten-
sion. The aim of this study was to compare the diagnostic accuracy of unenhanced spine MR imaging and intrathecal gadolinium-
enhanced spine MR imaging for identification and localization of CSF leaks in patients with spontaneous intracranial hypotension.

MATERIALS AND METHODS: A retrospective study of patients with spontaneous intracranial hypotension examined from February
2013 to October 2017 was conducted. Their spine MR imaging was reviewed by 3 blinded readers for the presence of epidural CSF
using 3 different sequences (T2WI, 3D T2WI fat-saturated, T1WI gadolinium). In patients with leaks, the presumed level of the leak
was reported.

RESULTS: In total, 103 patients with spontaneous intracranial hypotension (63/103 [61%] women; mean age, 50 years) were evaluated.
Seventy had a confirmed CSF leak (57/70 [81%] proved intraoperatively), and 33 showed no epidural CSF on multimodal imaging.
Intrathecal gadolinium-enhanced spine MR imaging was nonsuperior to unenhanced spine MR imaging for the detection of epidural
CSF (P¼ .24 and .97). All MR imaging sequences had a low accuracy for leak localization. In all patients, only 1 leakage point was
present, albeit multiple suspicious lesions were reported in all sequences (mean, 5.0).

CONCLUSIONS: Intrathecal gadolinium-enhanced spine MR imaging does not improve the diagnostic accuracy for the detection of
epidural CSF. Thus, it lacks a rationale to be included in the routine spontaneous intracranial hypotension work-up. Heavily T2-
weighted images with fat saturation provide high accuracy for the detection of an epidural CSF collection. Low accuracy for leak
localization is due to an extensive CSF collection spanning several vertebrae (false localizing sign), lack of temporal resolution, and
a multiplicity of suspicious lesions, albeit only a single leakage site is present. Thus, dynamic examination is mandatory before tar-
geted treatment is initiated.

ABBREVIATIONS: CDM ¼ conventional dynamic myelography; DCTM ¼ dynamic CT myelography; FS ¼ fat saturation; Gd ¼ gadolinium; GdM ¼ intrathecal
gadolinium-enhanced MR imaging; ICC ¼ intraclass correlation coefficient; PMCT ¼ postmyelography CT; SIH ¼ spontaneous intracranial hypotension

Spinal imaging has a central role in the diagnostic work-up of
patients with spontaneous intracranial hypotension (SIH). It

is widely believed that SIH is commonly triggered by CSF leakage
from the intrathecal into the epidural compartment (Fig 1). This
is due to an osteodiscogenic microspur (calcified disc protrusion
or spondylophyte) penetrating the dura or, less frequently, a

rupture of a spinal nerve root diverticulum (Fig 2).1 In the setting
of a ventral dural tear or leaking around a nerve sheath, imaging
may show an abnormal accumulation of CSF and aid in localizing
the dural defect.2 Alternative pathomechanisms without proof of
extrathecal CSF collection, like the CSF venous fistula, recently
described by Schievink et al,3 may also be demonstrated on
imaging.

Several radiologic examinations may be used in the spinal diag-
nostic work-up of patients with SIH and include unenhanced
MR imaging, intrathecal gadolinium (Gd) enhanced MR imaging
(GdM), conventional dynamic myelography (CDM), postmyelog-
raphy CT (PMCT), dynamic CT myelography (DCTM), digital
subtraction myelography, and radionuclide cisternography.4-7

Some methods are invasive and require intrathecal application of
contrast media, and some may be considered complementary. Each
examination has its strengths and shortcomings, and different
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methods come into play at different stages of the diagnostic process.
Spine MR imaging plays a key role as the first-line diagnostic exam-
ination because it offers excellent spatial resolution without associ-
ated radiation exposure; however, it lacks any temporal resolution.
Previous reports have indicated the diagnostic value of spine MR
imaging.8,9 Adjunctive GdM was first described in 1999 by Zeng et
al.10 Since then, several studies have reported its utility in the diag-
nostic work-up of patients with SIH. Nonetheless, the intrathecal
application of Gd has not, so far, been approved by the US Food
and Drug Administration and continues to be used off-label.

The goal of our study was to compare the imaging accuracy of
2 different unenhanced spine MR imaging sequences and GdM
for visualization of an epidural CSF collection and the accuracy
for localizing the precise level of dural dehiscence in the first-line
work-up of patients with SIH.

MATERIALS AND METHODS
This study was granted institutional review board approval, and
the need for informed consent was waived due to its retrospective

nature. The registry was approved by the local ethics committee
(Kantonale Ethikkommission Bern, Switzerland, number: 2017-
00861). Records of all consecutive patients with orthostatic head-
ache and clinical suspicion of SIH evaluated at the University
hospital of Bern, Switzerland between February 2013 and
October 2017 were retrospectively reviewed. In total, 121 patients
with orthostatic headache and clinical suspicion for SIH were
investigated according to our routine diagnostic protocol.
Patients with postdural puncture headache were not included.
Eighteen patients were excluded because of poor-quality MR
imaging or absence of MR imaging. The final study population
consisted of 103 patients. Patients with a missing spine MR imag-
ing sequence were eligible. In the patients participating in a fol-
low-up study (eg, after microsurgical closure or blood patch),
only the preoperative examination was evaluated in our study.

Many patients had been included in previously published
studies (study population overlap) investigating different out-
come measures, including optic nerve sheath sonography, surgi-
cal dural closure, CSF dynamics, DCTM, and brain MR imaging,
but none of these studies reported spine MR imaging find-
ings.1,6,11-14

Diagnostic Work-Up
All patients were evaluated according to our standard protocol, as
described in previous publications, and are listed below. First, a
detailed medical history was obtained, and a physical examina-
tion was performed by a neurosurgeon. In most patients, the
leading symptom was orthostatic headache; thus, brain MR imag-
ing was performed to rule out any underlying intracranial pathol-
ogy. The SIH score, based on the 6 most relevant brain imaging
findings, which helps predict the likelihood of a CSF leak, was
calculated.14 Further examinations included optic nerve sheath
sonography,12 lumbar infusion testing,11 unenhanced MR imag-
ing of the spine, GdM, CDM with PMCT, and, in selected
patients, DCTM.6

Spine MR Imaging
Unenhanced spine MR imaging was routinely performed in the
morning, and GdM, in the afternoon of the same day. Imaging
was performed on a 1.5T scanner (Aera; Siemens) using a 20-ele-
ment head/neck coil and a 32-element table spine coil. The unen-
hanced spine MR imaging protocol included 3 sagittal T2-
weighted spin-echo blocks (TR/TE ¼ 4370/93ms, number of
averages ¼ 3, section thickness ¼ 3mm, FOV ¼ 150� 300mm,
FOV phase ¼ 50%, flip angle ¼ 150°, acquisition time ¼ 2
minutes and 20 seconds, matrix size ¼ 192� 512) and 4 sagittal,
isotropic 3D heavily T2-weighted turbo spin-echo sequences with
fat saturation (FS) (3D T2WI FS) (TR/TE ¼ 1400/180ms, num-
ber of averages ¼ 2, section thickness ¼ 1mm, FOV¼ 300� 300
mm, FOV phase ¼ 100%, flip angle 150°, acquisition time ¼ 4
minutes and 33 seconds, matrix size ¼ 640 � 640) including the
entire neurocranium.

Before GdM, written consent for the intrathecal off-label use
of a Gd-based contrast agent was obtained from patients. Lumbar
puncture was performed with a 22-ga needle with the patient in a
lateral decubitus position, and a mixture of 0.5 mL of Gadovist
(gadobutrol, 1.0mmol/mL, a nonionic macrocyclic agent; Bayer

FIG 1. Transversal, isotropic, unenhanced, 3D T2WI FS (A) versus a
transversal (3 mm), T1-weighted sequence with fat saturation after in-
trathecal gadolinium (B). The extrathecal fluid and contrast media are
visible posterior to the dura mater (arrows).

FIG 2. Multiplanar reconstruction of 3D T2WI FS sequence showing a
large nerve root diverticulum, which demonstrated a leakage on con-
ventional dynamic myelography (not shown).
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Shering Pharma) or 0.5mL of Magnograf (gadopentetate dime-
glumine, 0.5mmol/mL; Berlis) with 9.5mL of CSF was adminis-
tered intrathecally.

Three sagittal, isotropic T1-weighted blocks were acquired
with the FS technique (T1WI Gd FS) (TR/TE ¼ 9.82/4.77ms,
number of averages ¼ 1, FOV ¼ 288� 288mm, FOV phase ¼
100%, flip angle ¼ 10°, acquisition time ¼ 6 minutes and 9 sec-
onds, matrix size ¼ 288� 288). Additional high-resolution, axial
T1-weighted blocks with FS were acquired if the neuroradiologist
was uncertain whether contrast media was truly present in the
epidural space on the basis of the sagittal images (TR/TE ¼ 8.62/
4.77ms, number of averages ¼ 1, FOV ¼ 180� 180mm, FOV
phase ¼ 100%, flip angle ¼ 12°, acquisition time ¼ 3 minutes
and 54 seconds, matrix size ¼ 410� 512). Alternatively, high-re-
solution T1-weighted spin-echo blocks with FS in a sagittal orien-
tation were acquired.

Conventional Dynamic Myelography and
Postmyelography CT
The CDM technique, which has previously been described in
detail, is summarized briefly below.15 For opacification, 20mL of
Iopamiro 300 (iopamidol; Bracco) was injected intrathecally.
Patient positioning was adapted depending on the findings of
previous imaging: prone when an osteodiscogenic microspur was
suspected or lateral decubitus when a spinal nerve root diverticu-
lum was the presumed source of leakage. The patient was tilted
into the Trendelenburg position, following the leading edge of
the intrathecal contrast. The level at which the contrast exited the
intrathecal compartment and started spilling into the epidural
space was considered the level of the dural breach (Fig 3). The
patient was immediately transferred to the CT imaging suite, and a
PMCT was performed (Somatom Definition Edge; Siemens) to
identify possible causative pathology at the level of dural dehiscence
or a CSF venous fistula. If no epidural contrast was evident in the
first PMCT, a late-phase PMCT was performed, usually 4–24hours
after the initial intrathecal injection, to exclude low-flow leaks.

Data Analysis
Blinded evaluation of brain MR imaging was performed by a neu-
roradiology fellow (G.P.), who reported the SIH score. The spine
MR imaging of all subjects was assessed independently by a
board-certified neuroradiologist (A.W.) and 2 neuroradiology fel-
lows (P.S.B., L.G.), blinded to clinical presentation and to all
other imaging studies performed. All spine sequences (T2WI, 3D
T2WI FS, T1WI Gd) were separated, deidentified, and sorted
randomly on an established, nonmodifiable layout and reviewed
on a PACS station. The readers were instructed to perform their
assessment and report the results on a standardized spreadsheet,
and a short educational module before beginning the image inter-
pretation was provided. For unenhanced spine MR imaging
sequences, the presence of CSF in the epidural compartment was
recorded; for GdM, epidural contrast accumulation unrelated to
the puncture site in the lumbar spine was evaluated. In patients
with leaks, the craniocaudal extent was noted (the number of ver-
tebrae with epidural CSF). The readers also reported the number
of suspicious lesions potentially causing CSF leakage (such as
spondylophyte, disc protrusion, or spinal nerve root diverticula)

and the lesion they considered the most likely to be the cause of
the CSF leak.

In addition, information regarding patients’ demographic
characteristics (age, sex) and type of therapy (conservative, epidu-
ral blood patch, microsurgical closure) was extracted from the
registry.

Standard of Reference
Multimodal imaging including MR imaging, CDM, PMCT, and
microsurgical exploration was considered the criterion standard
for the proof of a CSF leak. Two neuroradiologists (T.D. and
E.I.P. with 8 and 11 years of experience, respectively) who were
not involved in the initial analysis reviewed all available images
from all patients for the presence of epidural CSF and the level of
dural dehiscence. In cases of disagreement, all imaging modalities
were reviewed in a joint session to reach a consensus. In patients
undergoing microsurgical closure of the CSF leak, intraoperative
reports were reviewed to confirm the presence of epidural CSF
and verify the localization of the dural breach.

Statistical Analysis
Statistical analysis was performed using STATA (2017, Release
15; StataCorp). Descriptive analysis was performed using

FIG 3. A 57-year-old woman with orthostatic headache and tinnitus.
A, The sagittal, T2-weighted sequence demonstrates extensive extra-
thecal CSF and multiple suspicious disc protrusions (black arrow-
heads). B–D, Conventional dynamic myelography demonstrates a CSF
leak at the T10/11 level with progressive contrast media distribution
(arrowheads). Even in retrospect, the MR imaging did not demon-
strate any suspicious lesion at the corresponding level (A, white
arrowhead). The leak was confirmed intraoperatively and surgically
closed. The follow-up spine MR imaging did not show any residual ep-
idural CSF collection (not shown).
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frequencies and percentages for categoric variables and mean
(6 SD) or median (interquartile range) for continuous variables.
The results of all 3 readers were aggregated. Continuous measures
were averaged among the 3 readers. For dichotomous variables, a
qualitative sign was considered positive if 2 or all 3 readers scored
it as positive. In cases of categoric variables with .2 categories
and about which all 3 readers disagreed, the value given by the
first reader was the one taken into consideration. The results are
presented for the 3 different MR imaging sequences.

Interrater reliability for categoric data was determined using
the Fleiss k . For continuous data, the intraclass correlation coeffi-
cient (ICC) was calculated with the 2-way mixed-effects model
estimating absolute agreement. Agreement was defined as almost
perfect (k or ICC. 0.80), substantial (k or ICC ¼ 0.61–0.80),
moderate (k or ICC ¼ 0.41–0.60), fair (k or ICC ¼ 0.21–0.40), or
poor (k or ICC# 0.20). If the location was correctly identified, the
standard and weighted (with linear weights) k approach was used.

For each MR imaging sequence, scatterplots were used to
graphically depict the agreement among the leak location as
reported by the readers and the true location. Sensitivity and
specificity were obtained comparing the 3 sequences against the
ground truth. To test the diagnostic reliability of different sequen-
ces for the diagnosis of a CSF leakage, we determined the

agreement between each sequence and
the ground truth using k statistics and
bootstrapping methods.

RESULTS
A total of 103 subjects (63/103 [61%]
women; mean age, 50 6 14 years;
range, 25–90 years) with a clinical sus-
picion of SIH were included. The final
study population consisted of 70 SIH
leak-positive patients (70/103; 68%)
(48/70 [69%] women; mean age, 46
6 11 years; range, 25–73 years) and
33 leak-negative patients (33/103;

32%) (18/33 [55%] women; mean age, 57 6 17 years; range, 25–
90 years) who had orthostatic headache without proof of a CSF
leak on multimodal imaging (CDM, PMCT, unenhanced MR
imaging, or GdM). The mean brain SIH score was 6.4 6 2.2 in
patients with a confirmed spinal CSF leak, and 3.3 6 2.5 in
patients without a CSF leak.

All patients (n ¼ 103, 100%) underwent CDM and PMCT in
addition to spine MR imaging. In SIH patients with a leak
(n¼ 70), the underlying pathology was a ventral microspur origi-
nating from an intervertebral disc or an endplate osteophyte in
48/70 cases (69%) and a tear in the nerve root sleeve diverticulum
in 13/70 cases (19%). The remaining 9 patients with an epidural
CSF collection showed improvement after conservative manage-
ment; the precise level of leakage was established on myelography
for 7 of them. In 57/70 (81%) patients with a proved leak on
imaging that was refractory to conservative management, micro-
surgical exploration and dural repair were performed.16

Epidural CSF
Overall, T2WI, 3D T2WI FS, and T1WI Gd FS sequences were
available for 96/103 (93%), 96/103 (93%), and 75/103 (73%)
patients, respectively (Table 1). The craniocaudal extent of the
CSF leak (number of vertebrae with epidural CSF) was 7.76 6.2,
8.56 6.9, and 7.56 6.7 for T2WI, 3D T2WI FS, and T1WI Gd
FS, respectively. On the basis of the ground truth (multimodal
imaging), the presence of CSF in the epidural space was correctly
reported in 60/65 (92%), 61/64 (95%), and 42/45 (93%) for
T2WI, 3D T2WI FS, and T1WI Gd FS sequences, respectively.
The interrater agreement for the presence of a CSF leak was
almost perfect for all sequences: T2WI (0.84), 3D T2WI FS
(0.91), and T1WI Gd FS (0.82).

3D T2WI FS demonstrated the highest sensitivity (95%) and
specificity (97%) for the detection of epidural CSF (Fig 4 and
Table 2). The k value for T2WI, 3D T2WI FS, and T1WI Gd FS
sequences compared with the ground truth was 0.837, 0.908, and
0.833, respectively. The k statistic comparison between T2WI
and 3D T2WI FS (P value ¼ .24), T2WI and T1WI GD FS (P
value ¼ .97), and 3D T2WI FS and T1WI GD FS (P value ¼ .25)
confirmed no relevant differences among the 3 sequences.

CSF Leak Location
For readers 1, 2, and 3, the location of the leak based on 3D
T2WI FS as the most sensitive sequence was identified correctly

Table 1: Spine MR imaging findings for three different sequences in the patient cohort

T2WI 3D T2WI FS T1WI Gd FS
Sequence available in all patients 96/103 (93%) 96/103 (93%) 75/103 (73%)
Sequence available in patients with leaks 65/70 (93%) 64/70 (91%) 45/70 (64%)
Craniocaudal extent of the CSF leak
(mean No. of vertebrae)

7.76 6.2 8.56 6.9 7.56 6.7

Interrater agreement for the presence of a CSF
leak

0.84 0.91 0.82

Interrater agreement for the location of the
CSF leak

0.29 0.67 0.62

Mean number of suspicious lesions potentially
causing CSF leakage

4.36 3.0 5.66 3.9 5.16 4.2

Note:—T2WI indicates T2-weighted; 3D T2WI FS, three-dimensional, isotropic, T2-weighted turbo SE sequence with
fat saturation; T1WI Gd FS, isotropic T1-weighted blocks with fat saturation after intrathecal application of gadolinium.

FIG 4. Sensitivity and specificity for the 3 different sequences with
corresponding confidence intervals. T2WI indicates T2-weighted; 3D
T2WI FS, 3D, isotropic, T2-weighted sequence with fat saturation; and
T1WI Gd FS, isotropic, T1-weighted sequence with fat saturation after
intrathecal application of gadolinium.
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in 27/68 (39.7%), 24/68 (35.3%), and 23/68 (33.8%), respectively.
The interrater agreement for the location of the leak was fair for
T2WI (0.29), substantial for 3D T2WI FS (0.67), and substantial
for T1WI Gd (0.62) (Fig 5).

In 1 patient, an inadvertent epidural injection of Gd occurred
and the procedure was successfully repeated on the following
day. In another patient, an epileptic seizure shortly after image
acquisition occurred. No further adverse reaction that could be
attributed to the administration of intrathecal contrast agent was
reported.

DISCUSSION
According to our results, intrathecal Gd-enhanced MRmyelogra-
phy is nonsuperior to unenhanced MR imaging and provides no
significant diagnostic benefit in the standard evaluation of spinal

CSF leaks. Additionally, 3D T2WI FS MR images demonstrate a
high diagnostic accuracy necessary for the detection of spinal epi-
dural CSF collections. However, our findings clearly demonstrate
that unenhanced spine MR imaging and GdM have a low accu-
racy, which led to poor interrater agreement on localization of
the exact level of the spinal CSF leak. This is due to an extensive
CSF collection spanning several vertebral levels (false localizing
sign); the lack of temporal resolution, which is inherent to the
method; and the multiplicity of suspicious lesions that were
reported (mean, 5.0); yet in all patients, only a single leakage site
was present.

Our results are in line with those of previous studies and sup-
port the role of unenhanced spine MR imaging as a valuable,
noninvasive tool in the early phase of the diagnostic work-up.8,9

We show that isotropic, heavily T2WI with FS is reliable for the
detection of a spinal epidural CSF collection, with excellent depic-

tion of anatomy.17 Because of similar
signal intensities of fluid and fat,
standard T2-weighted sequences may
mask the epidural CSF collection due
to the lack of fat saturation and thus
lead to a lower sensitivity (Fig 6). In
our experience, multiplanar recon-
structions and maximum intensity

FIG 5. Scatterplots showing the accuracy of each sequence compared with the true location. T2-weighted (A); 3D T2WI FS, 3D T2-weighted
sequence with fat saturation (B); and T1WI GD (C). On the x-axis is the location as reported by the readers. On the y-axis is the true location as
found intraoperatively, �57 of 70 (81%); or as determined with multimodal imaging in conservatively managed patients �13 of 70 (19%). Patients
in whom the leak has been correctly localized based on the corresponding MR image lie on the reference line.

Table 2: Sensitivity and specificity or three different MR imaging sequences for detec-
tion of epidural CSFa

Sensitivity Specificity Youden Index
T2WI 92.3% (83.0%–97.5%) 93.5% (78.6%–99.2%) 0.858
3D T2WI FS 95.3% (86.9%–99.0%) 96.9% (83.8%–99.9%) 0.922
T1WI Gd FS 93.3% (81.7%–98.6%) 90.0% (73.5%–97.9%) 0.833

a The numbers in parentheses are confidence intervals.
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projections are useful for depicting suspicious spinal nerve root
diverticula (Fig 2). In addition, unenhanced spine MR imaging is
useful to decide on patient positioning for subsequent dynamic
myelography: prone when an osteodiscogenic ventral microspur
is suspected or lateral decubitus when a ruptured spinal nerve
root diverticulum is the presumed source of leakage.

Intrathecal enhanced GdM is an invasive and time-consum-
ing method requiring a lumbar puncture. Its use was first
reported in 2005 by Schumacher et al18 in a patient with Marfan
Syndrome demonstrating multiple leaks. Chazen et al5 reported
a higher rate of CSF leak detection with GdM than with CT my-
elography and concluded that the method is helpful in the sub-
population of patients with spinal meningeal diverticula. For
exact leak localization, in our experience, patients with spinal
meningeal diverticula are best evaluated with CDM or DCTM
in the lateral decubitus position, which leads to increased con-
trast concentration along the dependent spinal nerve root diver-
ticulum and may demonstrate contrast leakage or a CSF venous
fistula.6 Akbar et al19 suggested that GdM is a useful adjunctive
method for patients with SIH with negative CT myelography
findings and demonstrated a leak in 21% of patients in this sub-
group. The increased sensitivity of GdM to slow CSF leaks may
be due to repeat myelography rather than a true increase in sen-
sitivity because repeat examinations may reveal intermittent
leaks irrespective of the detection method.

Prospective localization of CSF leakage is an endeavor fraught
with difficulties. However, it is necessary when microsurgical clo-
sure with minimal bone removal or targeted epidural patching is
indicated. Epidural CSF accumulation may be misleading because
it may not reflect the actual site of the CSF leak (false localizing
sign).20,21 As reported by Albayram et al,22 in 14 of 17 patients

with CSF leakage, the site of the dural tear was accurately demon-
strated using GdM, which was performed 1 hour after intrathecal
Gd administration. Ten of their patients demonstrated a single
tear site, and 4 had multiple tears. In our experience, contrast
leakage into the epidural space often occurs almost instantane-
ously, spanning several vertebral levels within a few seconds,
making localization on nondynamic imaging impossible and
potentially simulating multiple tears. Thus, a GdM scan per-
formed 1 hour after intrathecal Gd is unlikely to show the precise
site of leakage in patients with high-flow leaks. In addition, none
of our patients with a proven CSF leak (n ¼ 70) had multiple
leakage sites.

Some hold the misconception that leakage occurs at the level
harboring a prominent disc protrusion or a large spinal nerve
root cyst, thus obviating dynamic imaging (Fig 3). However, as
demonstrated in our study, the mean number of suspicious
lesions per patient that could potentially cause a CSF leak was 5.
Consequently, sensitivity for correct localization of the dural leak
is poor, with all spinal MR imaging sequences (Fig 5) emphasiz-
ing the need for a method with high temporal resolution when
targeted therapy is required.

A few case reports have noted adverse effects of intrathecal
Gd administration, such as encephalopathy or neurotoxic mani-
festations, including a decreased level of consciousness, global
aphasia, and visual disturbance in humans—some after apply-
ing a high dose.23-25 In addition, the literature on T1-weighted
signal hyperintensities in the globus pallidus and the dentate
nucleus in patients receiving serial intravenous administrations
of Gd has recently led to a “gado-phobia.”26-28 Öner et al29

reported similar signal alterations in patients after intrathecal
administration of a linear type of Gd. Although an unremark-
able clinical follow-up in 51 patients undergoing intrathecal
Gd-enhanced cisternography, for an average period of 4 years,
was reported by Bakir et al,30 the long-term clinical sequelae are
not yet certain. Intrathecal Gd remains an off-label use, and the
question of whether it provides real added value compared with
unenhanced spine MR imaging should be critically reappraised.
According to our results, GdM is nonsuperior to unenhanced,
heavily T2-weighted spine MR imaging and has been excluded
from our standard diagnostic work-up. In fact, it remains a
potential field of application in selected cases only (eg, low-flow
leaks when all other modalities fail).

The major strength of our study is that leakage and the level
of dural dehiscence in a large number of patients have been
proved by microsurgical exploration, which is the most precise
method. This study has several limitations, the main ones being
the retrospective nature of the evaluation, no control group, miss-
ing sequences in a small number of patients, and slight differen-
ces in MR imaging technique throughout the study because it
was not part of a designated study protocol, but a routine MRI.

CONCLUSIONS
3D T2WI FS is accurate for detection of spinal epidural CSF col-
lection in patients with SIH. GdM is an invasive, off-label method
with no added value in the standard diagnostic work-up. All
spine MR imaging techniques have a low diagnostic accuracy for
the exact localization of the dural breach; thus, a dynamic

FIG 6. A 38-year-old woman with orthostatic headache and intra-
cranial signs of hypotension (not shown). A, Sagittal, T1-weighted,
isotropic sequence after intrathecal gadolinium injection, without
proof of epidural contrast media distribution. B, Unenhanced, sagit-
tal, heavily T2-weighted isotropic sequence with fat saturation
shows a CSF collection in the posterior epidural space and the
prominent dural membrane (arrow). C, Due to lack of fat saturation,
the epidural CSF collection could not be discerned on the sagittal
T2-weighted sequence.
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imaging method (eg, CDM) is necessary when microsurgical clo-
sure or targeted epidural patching is being considered.
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ORIGINAL RESEARCH
SPINE

Combination of Imaging Features and Clinical Biomarkers
Predicts Positive Pathology and Microbiology Findings

Suggestive of Spondylodiscitis in Patients Undergoing Image-
Guided Percutaneous Biopsy

S. Kihira, C. Koo, K. Mahmoudi, T. Leong, X. Mei, B. Rigney, A. Aggarwal, and A.H. Doshi

ABSTRACT

BACKGROUND AND PURPOSE: Pathology and microbiology results for suspected spondylodiscitis on MR imaging are often nega-
tive in up to 70% of cases. We aimed to predict whether MR imaging features will add diagnostic value when combined with clini-
cal biomarkers to predict positive findings of spondylodiscitis on pathology and/or microbiology from percutaneous biopsy.

MATERIALS AND METHODS: In this retrospective single-center institutional review board–approved study, patients with radiologically
suspected spondylodiscitis and having undergone percutaneous biopsies were assessed. Demographic characteristics, laboratory values,
and tissue and blood cultures were collected. Pathology and microbiology results were used as end points. Three independent observers
provided MR imaging–based scoring for typical MR imaging features for spondylodiscitis. Multivariate logistic regression and receiver
operating characteristic analysis were performed to determine an optimal combination of imaging and clinical biomarkers in predicting
positive findings on pathology and/or microbiology from percutaneous biopsy suggestive of spondylodiscitis.

RESULTS: Our patient cohort consisted of 72 patients, of whom 33.3% (24/72) had spondylodiscitis. The mean age was 63 6 16
years with a male/female ratio of 41:31. Logistic regression revealed a combination with an area under the curve of 0.72 for pathol-
ogy and 0.68 for pathology and/or microbiology. Epidural enhancement on MR imaging improved predictive performance to 0.87
for pathology and 0.78 for pathology and/or microbiology.

CONCLUSIONS: Our findings demonstrate that epidural enhancement on MR imaging added diagnostic value when combined with
clinical biomarkers to help predict which patients undergoing percutaneous biopsy will have positive findings for spondylodiscitis
on pathology and/or microbiology.

ABBREVIATIONS: AUC ¼ area under the curve; CRP ¼ C-reactive protein; ESR ¼ erythrocyte sedimentation rate; NPV ¼ negative predictive value; PPV ¼
positive predictive value

D iagnosis of vertebral spondylodiscitis is often difficult and
determined on the basis of a combination of imaging find-

ings, clinical context, inflammatory biomarkers, spondylodiscitis,
degenerative changes, and spinal tumors, though it is not a perfect
tool; more invasive sampling is frequently still required. The typical
findings suggestive of spinal infection include hyperintense T2 disc
signal, adjacent vertebral endplate destruction, and epidural/

paraspinal enhancement.1,2 However, in the absence of these typi-
cal features, the diagnosis of spondylodiscitis can be difficult and
Modic type 1 degenerative changes and inflammatory disease may
often mimic spinal infections. Currently, percutaneous CT or fluo-
roscopy-guided biopsy is the standard of care for the diagnosis of
spondylodiscitis.3

In patients with radiologically suspected spinal infection,
identification of the organism is useful in directing antibiotic
treatment. Per Sehn and Gilula,4 these organisms “may be
identified by blood culture or biopsy and culture of site of sus-
pected infection with reported success rates of 20–59%5,6 and
46–91%.”7 The histologic examination is useful for a correct
diagnosis when the microbes responsible for spinal infection
do not grow in tissue or blood culture medium or in case of
anaerobic organisms.8 In clinical practice today, both microbi-
ology and pathology are typically obtained from the tissue
specimen.
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Inflammatory markers such as C-reactive protein (CRP)9-11 and
erythrocyte sedimentation rate (ESR)12,13 are commonly elevated in
patients with spondylodiscitis. The association of spinal infection
with biomarkers such as leukocytosis,10,14 fever status,15,16 alkaline
phosphatase level,17,18 and hemoglobin count18,19 have been
explored in the past without a clear consensus. Further studies are
needed to clarify whether these clinical and laboratory biomarkers
are associated with spinal infections.

MR imaging is currently the preferred technique for predic-
tion of spondylodiscitis; however, pathology and microbiology
results for radiologically suspected spondylodiscitis are only posi-
tive in up to 30% of cases.20 In this study, we aimed to evaluate
whether MR imaging features add diagnostic value when com-
bined with clinical biomarkers to help predict which patients
who undergo percutaneous biopsy will have positive findings for
spondylodiscitis on pathology and/or microbiology.

MATERIALS AND METHODS
Study Population
This is a single-center retrospective study, which was
approved by the local institutional review board, with a waiver
of informed consent. From July 2014 to August 2019, a total of
187 CT- and fluoroscopy-guided percutaneous bone biopsies
were performed at our institution for suspicion of spondylodisci-
tis based on prior MR imaging findings. Patients were included if
they had pathology reports from the biopsy, MR imaging with
contrast within 3weeks of biopsy, and laboratory markers within
2weeks before biopsy. Patients were excluded if they did not
have pathology reports from biopsy (n¼ 17), did not have MR

imaging with contrast within 3 weeks
of biopsy (n¼ 24), or did not have
laboratory markers within 2 weeks of
biopsy (n¼ 50). Furthermore, they
were excluded if they had been on
broad-spectrum IV antibiotics for
.3 days before the biopsy date (n ¼
19). Patients were further excluded if
the biopsy yielded nondiagnostic/
inadequate tissue specimens (n ¼ 5).
This process yielded a final cohort of
72 patients.

Procedure
All biopsies were performed with
the patient under CT or fluoroscopic
guidance. A 40-section CT scanner
(Somatom Definition AS; Siemens)
was used. Drill systems varied depend-
ing on operator comfort. All biopsies
were by a transpedicular approach by
1 of 3 procedural neuroradiologists at
our institution.

Data Collection
Demographic characteristics, comor-
bidities, fever status, laboratory values,
tissue and blood culture results, and

antibiotic exposure were collected from our institutional electronic
medical record system. Three independent observers, blinded to
clinical data and diagnosis, provided MR imaging–based scoring
for the presence of hyperintense T2 disc signal, adjacent vertebral
endplate erosion, epidural enhancement, and paraspinal enhance-
ment (Fig 1). Each score was obtained in a binary fashion for the
presence or absence of these features. Observers were neuroradiol-
ogists with 2, 6, and 10 years of attending experience. The presence
of inflammatory histology was obtained from the surgical pathol-
ogy report, and microbiology culture growth was obtained from
the microbiology report of the biopsied tissue specimen.

Statistical Analysis
The SPSS statistical package for Macintosh, Version 25 (IBM)
was used for statistical computations. The Spearman rank corre-
lation coefficient was used for categoric/rank variables, and the
Pearson correlation coefficient was used for continuous variables.
Positive predictive value (PPV), negative predictive value (NPV),
sensitivity, and specificity were calculated from cross-tabulation
entry. The Cohen k analysis was used to assess paired interob-
server agreement among the 3 independent observers scoring the
presence of MR imaging features. Additionally, majority consen-
sus analysis for the 3 observers was performed for each MR imag-
ing feature for each case. Univariate analysis for each clinical and
imaging biomarker was used to assess the association with posi-
tive pathology and/or microbiology indicating spondylodiscitis.
Subsequently, multivariate backward stepwise logistic regression
and receiver operating characteristic analysis using clinical and
imaging biomarkers were used to find the optimal combination

FIG 1. Imaging panel in a patient with osteomyelitis with hyperintense T2 disc signal, adjacent
vertebral endplate erosions, and paraspinal/epidural enhancement. Thoracic spine MR imaging of
a 72-year-old man with radiologically suspected infection at T4–T5. A, Disc-centered and bone
marrow hypointensity on a T1-weighted image. B, Mild hyperintensity of the disc and adjacent
bone marrow on T2-weighted image. The arrow represents hyperintense T2 disc signal. C,
Contrast-enhanced T1-weighted image demonstrates epidural (arrow) and paraspinal enhance-
ment (arrowhead). The asterisk represents adjacent vertebral endplate erosion. Pathology dem-
onstrated that inflammatory histology and microbiology had no growth. ESR was 123mm/h, and
CRP was 176mg/L. The patient was febrile on presentation with leukocytosis.
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of biomarkers for predicting spondylodiscitis. This analysis was
performed for 2 end points: 1) spondylodiscitis as proved on pa-
thology only, and 2) spondylodiscitis as proved on pathology
and/or microbiology because clinicians use different criteria to
diagnose spondylodiscitis.

RESULTS
Clinical Characteristics of the Patient Population
Our cohort consisted of 72 patients, of whom 50 had CT-guided
and 22 had fluoroscopy-guided imaging (Table 1). The mean age
was 63 6 16 years with a median of 62 years and a male/female
ratio of 41:31. Forty-six percent of our patient cohort was immu-
nosuppressed. All of our patients presented with back pain, and
approximately one-third of the patients presented with fever.
Additional neurologic symptoms on presentation included radic-
ulopathy, paresthesia, and incontinence. There were 24 patients
found to have positive pathology and 12 patients found to have
positive microbiology growth in support of spondylodiscitis. A

total of 29 patients had either positive
pathology or microbiology results (7
patients had both positive pathology
and microbiology, and 5 patients only
had positive microbiology with nega-
tive pathology results for spondylodis-
citis). Of the bacterial isolates from
tissue culture, Staphylococci and
Streptococci were most commonly
observed.

CRP values for patients with spon-
dylodiscitis averaged 93.4mg/L with a
range of 7–303mg/L, while they aver-
aged 40.2mg/L with range of 1–
156mg/L for patients without spondy-
lodiscitis (Table 2). ESR values averaged
65.1mm/h in patients with spondylo-
discitis with a range of 12–150mm/h,
while they averaged 51.0mm/h and
ranged from 6–106mm/h in patients
without spondylodiscitis.

Clinical Biomarkers and Imaging
Features Associating with
Spondylodiscitis
Univariate analysis showed that fever
status (r ¼ 0.26, P ¼ .03), CRP (r ¼
0.29, P¼ .02), hyperintense T2 disc sig-
nal (r ¼ 0.29, P ¼ .03), adjacent verte-
bral endplate erosion (r ¼ 0.31, P ¼
.02), epidural enhancement (r ¼ 0.41,
P¼ .001), and paraspinal enhancement
(r ¼ 0.33, P ¼ .01) were associated
with positive pathology and/or posit-
ive microbiology for spondylodiscitis
(Tables 3 and 4). Blood culture growth,
leukocytosis, hemoglobin count, plate-
let count, alkaline phosphatase level,

and ESR did not have statistically significant associations (P. .05).
In the setting of epidural enhancement, the PPV and NPV ranged
from 40.7% to 61.3% and 75.6% to 100% for positive pathology
and either positive pathology or positive microbiology, respec-
tively. For paraspinal enhancement, PPV and NPV ranged from
36.9% to 53.8% and 75.8% to 100%, respectively. Hyperintense T2
disc signal and adjacent endplate erosion had similar PPV and
NPV ranges with relatively low PPV (ranging from 31.2% to
55.5%) and high NPV (ranging from 79.2% to 100%).

Combination of Imaging and Clinical Biomarkers
Predicting Positive Pathology and/or Microbiology
Findings Suggestive of Spondylodiscitis
Logistic regression for an optimal combination of clinical bio-
markers showed that a combination of CRP, ESR, and fever status
yielded the highest area under the curve (AUC) of 0.72 for posi-
tive pathology (On-line Fig 1) and 0.68 for positive pathology
and/or microbiology (On-line Fig 2). When clinical biomarkers
were combined with imaging features, a combination of CRP,

Table 1: Demographic characteristics of patient cohort
Variable No (%)

Age (mean) (yr) 63 6 16
Sex (M/F) 41:31
Immunosuppression 33 (46)

Cancer 8 (11)
COPD 6 (8)
Cirrhosis 3 (4)
Diabetes 15 (21)
HIV 4 (6)

Steroid use 12 (17)
IV drug abuse 9 (13)
Postoperative status (within 1 wk)
Symptoms relevant to discitis 0 (0)
Back pain 72 (100)
Febrile 25 (35)
Radiation 12 (17)
Numbness/weakness 10 (14)
Bowel or bladder incontinence 3 (4)

Time to diagnosis (days)a 55 (1–270)
Site of involvement
Cervical 3 (4)
Thoracic 20 (28)
Lumbar 49 (68)

Biopsy technique
CT 50 (69)
Fluoroscopy 22 (31)

Either surgical pathology (1)/microbiology (1) 29 (40)
Surgical pathology (1) 24 (33)
Microbiology growth from tissue (1) 12 (17)
Both 7 (10)

Bacterial isolates from tissue culture 12
Staphylococci 5 (42)
Streptococci 3 (25)
Pseudomonas 2 (17)
Klebsiella 1 (8)
Mycobacteria 1 (8)

Blood culture growth (1) 2 (3)
Laboratory leukocyte count (cells/mm3)a 8.0 (4.1–17.5)
CRP (mg/L)a 46.4 (1–303)
ESR (mm/h)a 59.3 (6–156)

Note:—COPD indicates chronic obstructive pulmonary disease.
aMean followed by range in parenthesis.
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ESR, fever status, and the presence of epidural enhancement
yielded an improved AUC of 0.76–0.87 for positive pathology and
0.73–0.78 for positive pathology and/or microbiology (Table 5).
The presence of hyperintense T2 disc signal, adjacent vertebral end-
plate erosion, and paraspinal enhancement did not improve predic-
tion for positive pathology and/or microbiology findings suggestive
of spondylodiscitis in combination with clinical biomarkers.

Interobserver Agreement among Multiple Raters and
Majority Consensus
Interobserver k agreement among 3 independent observers for
hyperintense T2 disc signal, adjacent vertebral body erosions, epi-
dural enhancement, and paraspinal enhancement was 0.58, 0.55,

0.49, and 0.33, respectively. To overcome fair k agreement, we
used a majority consensus for imaging scores. NPV was 100% for
epidural and paraspinal enhancement based on majority consen-
sus for positive pathology and positive pathology and/or microbi-
ology (Tables 3 and 4). When epidural enhancement from
majority consensus was combined with ESR, CRP, and fever sta-
tus, an optimal AUC of 0.80 was obtained for positive pathology
(On-line Fig 1) and 0.79 for positive pathology and/or microbiol-
ogy (On-line Fig 2).

DISCUSSION
Diagnosis of spondylodiscitis can be difficult and often delayed
or missed due to the insidious onset of symptoms and relative

Table 2: Inflammatory biomarker characteristics associated with pathology and/or microbiology for spondylodiscitis

Pathology Pathology and/or Microbiology

Positive Negative Positive Negative
CRP (mean) (mg/L) 93.4 40.2 86.4 38.3
Median 50 31.5 60.5 22.0
Range 7–303 1–156 2–303 1–156
SD 90.3 38.7 84.9 42.4

ESR (mean) (mm/h) 65.1 51.0 66.8 51.6
Median 59.0 46 61.5 38.5
Range 12–150 6–106 22–156 6–109
SD 36.5 27.5 34.9 33.3

Table 3: Correlation between individual biomarkers and pathology-proved spondylodiscitisa

Positive Pathology

r P PPV NPV Sensitivity Specificity
Epidural enhancement
Observer 1 0.52 ,.001c 61.3 87.8 79.2 75.0
Observer 2 0.36 .002c 42.1 100 100 31.3
Observer 3 0.33 .004c 40.7 100 100 27.1
Majority consensus 0.41 .001c 44.4 100 100 37.5

Paraspinal enhancement
Observer 1 0.27 .02c 40.7 88.9 91.7 33.3
Observer 2 0.23 .05c 36.9 100 100 14.6
Observer 3 0.24 .04c 43.6 78.8 70.8 54.2
Majority consensus 0.33 .01c 40.7 100 100 27.1

Hyperintense T2 disc signal
Observer 1 0.37 .02c 55.5 80.1 86.5 45.0
Observer 2 0.19 .03c 33.0 100 100 20.2
Observer 3 0.21 .03c 41.2 79.2 73.1 51.0
Majority consensus 0.29 .03c 51.0 100 100 33.2

Vertebral endplate erosion
Observer 1 0.333 .01c 46.0 83.4 88.8 30.2
Observer 2 0.22 .05c 35.6 95.5 93.2 25.7
Observer 3 0.30 .0c 39.4 80.6 75.6 56.7
Majority consensus 0.31 .02c 42.1 92.3 92.0 35.6

Blood culture growth 0.06 .63 50 66.7 4.2 97.9
Fever status 0.26 .03c 48.3 76.7 58.3 68.8
Leukocytosis 0.032 .80 40 64.3 16.7 85.7
Hemoglobin countb –0.05 .67 NA NA NA NA
Platelet countb 0.20 .11 NA NA NA NA
ALP levelb –0.03 .84 NA NA NA NA
ESRb –0.09 .49 NA NA NA NA
CRPb 0.29 .02c NA NA NA NA

Note:—NA indicates not applicable; ALP, alkaline phosphatase.
a The Spearman correlation was used for rank/categoric variables. PPV, NPV, sensitivity, and specificity numbers are represented in percentages. Continuous variables will
not have PPV, NPV, sensitivity, or specificity values without established thresholds.
b Continuous variables in which the Pearson correlation was used.
c Statistically significant P values (,.05).
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rarity of the disease in the setting of a high prevalence of patients
presenting to the hospital with back pain. In our study, we
assessed spondylodiscitis with 2 separate end points: as proved
on pathology only and as proved on pathology and/or microbiol-
ogy because clinicians use different criteria for the diagnosis of
spondylodiscitis. We demonstrated that epidural enhancement
on MR imaging added diagnostic value when combined with
clinical biomarkers to help predict which patients undergoing
percutaneous biopsy will have positive findings for spondylodis-
citis on pathology and/or microbiology.

Clinically, the initial presentation of discitis is often back pain;
however, in up to 15% of patients, the initial presentation may be
fever or neurologic symptoms without pain.21-24 Correct diagnosis
and treatment are essential to avoid long-term sequelae involving
neurologic deficits.10,15 Fever has been shown in prior studies to be

associated with spondylodiscitis, specifically occurring in up to 60%
of patients.15,21 We observed similar findings in our study, with
roughly 58% (14/24) of patients with positive pathology found to be
febrile on presentation. Prior studies have shown conflicting associ-
ations of discitis with laboratory panels such as leukocytosis,10,14

anemia,18,19 and alkaline phosphatase (ALP) levels.17,18 We did not
observe a statistically significant association among these bio-
markers in our study.

ESR and CRP are well-studied inflammatory biomarkers and
have been shown to have high sensitivity but low specificity for
spondylodiscitis in prior studies.9-13 An and Seldomridge13 showed
elevation of ESR in.80% of cases, with a mean of roughly 60mm/
h. In our study, the mean value was 65mm/h for positive pathology
and 67mm/h for either positive pathology or microbiology. Most
interesting, ESR was not found to have a statistical association with

Table 4: Correlation between individual biomarkers and spondylodiscitis as proved on pathology and/or microbiologya

Positive Pathology and/or Microbiology

r P PPV NPV Sensitivity Specificity
Epidural enhancement
Observer 1 0.37 .00b 61.3 75.6 65.5 72.1
Observer 2 0.42 .001b 50.9 100 100 34.9
Observer 3 0.39 .001b 49.2 100 100 30.2
Majority consensus 0.47 .001b 53.7 100 100 41.9

Paraspinal enhancement
Observer 1 0.34 .03b 50.0 88.9 93.1 37.2
Observer 2 0.27 .02b 44.6 100 100 16.3
Observer 3 0.30 .01b 53.8 75.8 72.4 58.1
Majority consensus 0.39 .01b 49.2 100 100 30.2

Hyperintense T2 disc signal
Observer 1 0.30 .03b 49.2 79.6 82.5 42.6
Observer 2 0.15 .05b 31.2 96.2 95.3 19.6
Observer 3 0.25 .02b 45.5 80.2 74.2 50.4
Majority consensus 0.28 .03b 48.0 95.2 93.5 29.8

Vertebral endplate erosion
Observer 1 0.29 .02b 48.9 82.4 89.6 33.6
Observer 2 0.17 .03b 37.5 95.8 92.5 27.5
Observer 3 0.33 .01b 38.1 82.5 76.3 59.1
Majority consensus 0.31 .02b 42.6 91.5 91.8 34.7

Blood culture growth 0.03 .79 50 59.4 3.4 97.6
Fever status 0.25 .03a 55.2 69.8 55.2 69.8
Leukocytosis 0.039 .77 40 55.4 13.8 83.8
Hemoglobin countc �0.02 .86 NA NA NA NA
Platelet countc 0.17 .18 NA NA NA NA
ALP levelc 0.05 .73 NA NA NA NA
ESRc �0.07 .62 NA NA NA NA
CRPc 0.26 .04a NA NA NA NA

Note:—NA indicates not applicable; ALP, alkaline phosphatase.
a The Spearman correlation was used for rank/categoric variables.
b Statistically significant P values (,.05).
c Continuous variables in which the Pearson correlation was used.

Table 5: Predictive performance of clinical and image-based featuresa

Positive Pathology
Positive Pathology and/or

Microbiology

AUC Sensitivity Specificity AUC Sensitivity Specificity
CRP, ESR, and fever 0.72 68.2 67.0 0.68 60.5 64.5
CRP, ESR, fever, and epidural enhancement (observer 1) 0.87 83.1 79.8 0.76 68.4 75.6
CRP, ESR, fever, and epidural enhancement (observer 2) 0.76 75.0 66.5 0.73 59.6 76.2
CRP, ESR, fever, and epidural enhancement (observer 3) 0.79 77.2 70.1 0.78 69.3 75.8
CRP, ESR, fever, and epidural enhancement (majority consensus) 0.80 78.3 75.6 0.79 77.4 74.6

a Logistic regression with backward stepwise selection was used to find the optimal combination of clinical and imaging features for 3 independent observers with major-
ity consensus among the observers.
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spondylodiscitis as an independent biomarker; however, it was stat-
istically significant when combined with CRP, fever status, and epi-
dural enhancement through a multiparametric model. CRP was
found to be associated with spondylodiscitis independently. In our
study, CRP ranged from 1 to 156mg/L in the negative cohort, while
it ranged from 7 to 303mg/L in the positive cohort. Thus, elevated
CRP values above the range of the negative cohort (.156m g/L)
may support the diagnosis of spondylodiscitis if suspected.

The presence of hyperintense T2 disc signal, adjacent vertebral
body erosion, epidural enhancement, and paraspinal enhancement
are well-recognized MR imaging characteristics of spondylodisci-
tis.1,2,25-27 In our study, we had 3 neuroradiologists independently
score these characteristics blinded to the diagnosis. However, there
was suboptimal interobserver agreement with k values of 0.58,
0.55, 0.49, and 0.33 for hyperintense T2 disc signal, adjacent verte-
bral body erosions, and epidural and paraspinal enhancement,
respectively. We attempted to overcome this discordance by apply-
ing majority consensus in our univariate analysis and prediction
model.

Spira et al25 had previously demonstrated 100% sensitivity
and roughly 50% specificity with paraspinal enhancement but
40% sensitivity and 80% specificity with epidural enhancement
for microbiology. Our results were similar for paraspinal
enhancement with a sensitivity as high as 100% and specificity
ranging from 14% to 54%. However, results differed for epidural
enhancement with sensitivity ranging from 79% to 100% and
specificity ranging from 27% to 75%. Ledermann et al1 had previ-
ously shown high sensitivity for paraspinal/epidural enhance-
ment (97.7% sensitivity), hyperintense T2 disc signal (93.2%
sensitivity), and adjacent endplate erosion (84.1% sensitivity) in a
cohort of patients with positive pathology and/or microbiology.
We also found high sensitivities for these MR imaging features
ranging from 70.8% to 100%, 73.1% to 100%, and 75.% to 93.2%
for paraspinal/epidural enhancement, hyperintense T2 disc sig-
nal, and adjacent endplate erosion, respectively. These findings
also corresponded with high NPVs in all typical MR imaging fea-
tures of spondylodiscitis and, not surprisingly, indicate that the
absence of these typical features can be a helpful tool in excluding
pathology- and microbiology-proved spondylodiscitis.

However, the novelty of this study was in demonstrating that
MR imaging features, specifically epidural enhancement, when
combined with clinical biomarkers, improved predictive perform-
ance, increasing the AUC from 0.72 to 0.87. This finding can also
be observed in a range of experience levels because our observers
ranged from having 2–10 years of attending experience as neurora-
diologists. Moreover, this finding is observed in spondylodiscitis
proved by either criterion: pathology only or pathology and/or mi-
crobiology. Patients suspected of having spondylodiscitis will likely
undergo MR imaging, and it is clinically important to recognize
that the enhancement pattern should be considered along with
clinical biomarkers in the diagnosis of spondylodiscitis.

There are several limitations to our study. First, it was retro-
spective. A prospective study would facilitate increasing our
cohort size by obtaining MR imaging and laboratory markers at
the time of tissue biopsy for more patients. There is also an inher-
ent bias of only including patients with high radiologic suspicion
of spondylodiscitis requiring biopsy. An ideal study would have

included patients without radiologic suspicion for spondylodisci-
tis; however, this would imply performing biopsies on patients
without suspicion for spinal infection. The limitation of assessing
patients who have been on antibiotics for ,3 days is arbitrary;
however, a recent study showed that antibiotics do not affect tis-
sue yield within 3weeks before biopsy.28 Additionally, we
acknowledge that the use of pathology and/or microbiology
results from percutaneous biopsy for spondylodiscitis may have a
large percentage of false-negatives, shown in up to 37% by Nam
et al.29 They previously compared pathology results from open-
to-percutaneous needle biopsies and found, within the same
cohort, that 70.4% of patients had positive pathology results from
open biopsy, whereas only 33.3% of the cohort had positive find-
ings with percutaneous biopsies. We acknowledge that using pa-
thology results from open biopsy may have been an ideal, or
perhaps more sensitive, criterion standard; however, open biop-
sies are no longer routinely performed.

Finally, there was suboptimal interobserver agreement among
the 3 observers for MR imaging features. This is likely due to
varying experience levels among the observers because the high-
est AUC for prediction of spondylodiscitis corresponded with
scores from the observer with the most experience. We acknowl-
edge that in clinical practice, there is a broad range of experience
levels, and we attempted to overcome this limitation by using a
majority consensus among the 3 observers.

CONCLUSIONS
Our findings demonstrated that epidural enhancement on MR
imaging added diagnostic value when combined with clinical bio-
markers to help predict which patients who undergo percutane-
ous biopsy will have positive findings for spondylodiscitis on
pathology and/or microbiology.
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MEMORIAL

Norman Leeds, MD

Dr Norman Leeds died on March 5, 2020. Dr Leeds was a key
figure in the history of the American Society of Neuro-

radiology (ASNR). As a young neuroradiologist, he was one of
the founding members of the ASNR. With his typical modesty,
he once told me that he was made a member because someone
had to get the coffee. He was one of the forward-thinking society
leaders who was instrumental in the founding of the American
Journal of Neuroradiology. His extensive CV attests to his scien-
tific contributions to neuroradiology.

I want to speak of my personal interactions with Dr Leeds and
the effect he had on my life. I could say that Norm was my mentor,
but he was much more than that. He was the reason that I became
a neuroradiologist, and he inspired me to become an academic neu-
roradiologist. I worked with Norm as a resident at Montefiore
Hospital from 1973 to 1976 and as his colleague as an attending
from 1977 to 1983. At that time, the radiology department at
Montefiore was an interesting place to train. It was led by brilliant
but idiosyncratic and mercurial leaders. Most of my coresidents
feared working on the neuroradiology rotation because of a combi-
nation of demands of the service and Norm’s occasional angry out-
bursts. He once yelled at a resident, “What do you think I’m
talking, tuna fish?” Somehow, we knew what he meant. (There
were many such “Normanisms.” Syntax was not his strong suit).
For whatever reason, I was not afraid of Norm, and I enjoyed work-
ing with him, learning how to interpret studies and observing his
pivotal role in the clinical care of patients with neurologic disorders.

The 1970s was a time of transition for neuroradiology. At

the beginning of the decade, cerebral angiography was the de-

finitive diagnostic imaging technique, relied on by neurosur-

geons and neurologists. The interpretation of angiograms was

extremely difficult, and those individuals who were experts

(including Norm) seemed to have an almost mystical talent.

Norm would look at an angiogram with the referring clinician,

wave his hands in the general direction of the films, and say

“Right parietal parasagitta, l probably a met, see it?” He was

almost always correct. Sometimes I wondered if even he knew

how he came to the correct answer.
In the mid-1970s, the introduction of CT revolutionized

neuroimaging. Lesions were much easier to see and character-
ize. Some neuroradiologists feared that this would be the end
of our specialty. However, CT was new, and most referring
clinicians were unsure about interpretation; therefore, they
continued to rely on neuroradiologists. Norm’s interactions
with referring physicians, in particular neurosurgeons, were
inspiring to me. He was a crucial part of the team, respected
by and respecting of his clinical colleagues. After my fellow-
ship, I returned to Montefiore to work with Norm. Over the
next 6 years, we worked together, and I learned an enormous
amount about image interpretation. I learned from him that
the most important and satisfying aspect of neuroradiology
was the interaction with referring physicians. I also came to

know Norm as an individual. Although he still had a temper,
I got to see a side of him that was not so apparent to me as a
resident. He was incredibly generous, arranging invitations
for me to speak at many institutions even when it meant that
he would have to shoulder more of the clinical load. He
helped develop my research interests and encouraged me to
present our findings at national meetings. His love for and
devotion to his wife Betty and his children were amazing to
witness.
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Following my time at Montefiore, I joined the faculty at New
York Hospital and Norm went on to become chairman at Beth
Israel Hospital in New York and then the chief of neuroradiology at
MD Anderson Cancer Center. I took with me the lessons I learned
from Norm. When a clinician would come to the neuroradiology
reading room and ask to look at a study, the radiology resident
would sometimes view this as an interruption. I explained, as Norm
had explained to me, that this was the real work and the real source
of job satisfaction. I have tried to inspire my residents the way that

Norm inspired me, pointing out how interesting and fulfilling a ca-
reer in neuroradiology could be. I think of the many neuroradiolo-
gists I have trained as Norm’s academic grandchildren.

I remained in contact with Norm throughout the remainder
of his career. It amazed me that he continued to learn all the new
things that MR imaging had to offer.

I will miss him dearly.

Robert D. Zimmerman, MD, FACR
http://dx.doi.org/10.3174/ajnr.A6612
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MEMORIAL

James T. Goodrich, MD, PhD

Dr. James T. Goodrich, MD, PhD was an inspiration to be the
best we can be.

Dr. James T. Goodrich, renowned pediatric neurosurgeon,
passed away on March 30, 2020, due to complications of
COVID-19. An accomplished brain and craniofacial reconstruc-
tive surgeon, he is best known for pioneering surgeries to separate
craniopagus twins. He was the Director of the Division of
Pediatric Neurosurgery at Montefiore Medical Center and
Professor of Clinical Neurological Surgery, Pediatrics, Plastic,
and Reconstructive Surgery at Albert Einstein College of
Medicine, where he spent more than 30 years. He was also
Professor Contralto of Neurological Surgery at the University of
Palermo in Palermo, Italy.

Dr. Goodrich was born in Portland, Oregon and served in the
Marines during the VietnamWar. He completed his undergradu-
ate work at the University of California, Irvine and his graduate
and medical studies at Columbia University. Residency training
was completed at Presbyterian Hospital in New York City and
the New York Neurological Institute. He enjoyed the history of
medicine, surfing, and travel.

Dr. Jacqueline Bello, Dr. Goodrich’s longtime friend, col-
league, and classmate said of him:

Truly a “Man for ALL Seasons”, James T. Goodrich was my
medical school classmate at Columbia’s College of Physicians and
Surgeons, fellow trainee at the Neurological Institute of New
York, Montefiore colleague for more than 30 years, and close
friend. Jim was all about service – serving his country with pride
as a Marine, his profession with trailblazing innovation, and his
patients with expertise and empathy.

He generously shared the international recognition he
received for successful separation of Craniopagus twins, always
acknowledging the team effort that was involved. His legacy

remains, outshining the many awards he received, both resolute
and resilient, as he was . . . an inspiration to be the best we can be,
in his memory and honor.

Our thoughts and prayers go out to his wife, his three sisters,
and all those who were lucky enough to know him.

Jacqueline A. Bello
Adam E. Goldman-Yassen

http://dx.doi.org/10.3174/ajnr.A6628

The photograph is courtesy of Montefiore Health System.
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LETTERS

Novel Coronavirus: What Neuroradiologists Should Do

We read with great interest the article “Novel Coronavirus:
What Neuroradiologists as Citizens of the World Need to

Know,” published by the American Journal of Neuroradiology in
March 2020.1 The authors have discussed in detail the epidemiol-
ogy; virulence of coronavirus causing the current pandemic sce-
nario with the pathogenesis, diagnosis and prognosis of the disease.
There is an increasing trend toward a high incidence of infection
among health care workers, and certain infection control measures
have also been developed for health care workers in radiology
departments.2 Thus, the authors have discussed the role of neurora-
diologists in disseminating knowledge and providing guidance to
the general public to effectively control the spread. The authors
have discussed the contact and airborne precautions that must be
followed by neuroradiologists performing lumbar punctures, mye-
lograms, and spine procedures. However, many other distinct pro-
cedures performed by interventional neuroradiologists in the
emergency setting for active head and neck bleeding, ischemic
stroke, and ruptured aneurysms require urgent endovascular atten-
tion. Such procedures often need urgent intubation/suctioning, and
there is an increased risk of aerosolization of respiratory secretions
and human spread of Severe Acute Respiratory Syndrome–corona-
virus 2 (SARS-CoV-2) infection. Thus, an interventional laboratory
protocol, which has not been discussed previously, must be insti-
tuted to limit the spread of the disease and curb human-to-human
transmission.

Techniques like preintubation before arrival of the patient in
the neurointervention lab, use of powered air-purifying respira-
tor (PAPR) systems by anesthetists, filter systems (eg, high-effi-
ciency particulate air; HEPA) in the anesthesia circuit, and closed
circuit bilevel positive airway pressure (BIPAP) machines (when
intubation is not done) pose less risk to health care workers
because ventilation is managed through a closed circuit. In ac-
cordance with considerations for catheterization laboratories
published in the Journal of the American College of Cardiology,3

we recommend the use of appropriate personal protective equip-
ment (PPE), including gowns, gloves, goggles (shields), and 3-lay-
ered surgical masks for all health care workers who work in a close

environment with patients. Patients with known coronavirus dis-
ease 2019 (COVID-19) undergoing endovascular intervention
should don appropriate PPE (including N95 masks). A minimal
number of health care workers who also have adequate training for
doffing and donning of PPE should scrub into procedures. Vendor
access inside the catheterization laboratory and use of PPE should
be limited when necessary. Because access to rapid testing for
COVID-19 is limited, all patients with fever and cough should be
evaluated clinically and screened with portable chest radiographs,
and elective procedures must be deferred until the source is
identified.

After every procedure, interventional laboratories should
undergo terminal cleaning using hot water, detergent, and 1%
freshly prepared hypochlorite solution, and at least 1 hour of air
exchange should be allowed between procedures. Patients with
suspected or known COVID-19 should be treated at the end of
the day, or a dedicated lab may be of value.

The authors have described very well what neuroradiologists
should know during this global pandemic; we suggest practice
guidelines for neurointerventional laboratories and what neurora-
diologists should actively do to constrain the pandemic.
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LETTERS

Neuroradiologists and the Novel Coronavirus

We wish to extend our gratitude to Drs Mahajan and
Hirsch for their succinct and informative editorial on

the novel coronavirus, COVID-19.1 The editorial staff at the
American Journal of Neuroradiology, at large, should also be
recognized for broadening the focus of the journal and pub-
lishing an accessible, timely, and factual review.

The authors successfully combat uncertainty with science and
objective guidance. Their underlying message is critically impor-
tant. Specifically, all medical professionals—even those in highly
subspecialized fields like neuroradiology—must rededicate them-
selves to the broader goal of promoting public health. The infor-
mation presented provides a roadmap as we struggle to identify
our role in this extraordinary time. While fiscally challenging and
counter to the precoronavirus conceptualizations of our professio-

nal responsibility, this may entail promotion of social distancing
by placing some of our patient care (for instance, routine outpa-
tient imaging) on hold.

Drs Mahajan and Hirsch are to be commended for educating
the neuroradiology community about an issue that impacts us in
and outside of the reading room. They have provided a helpful
resource, which can enhance our care of patients, friends, family,
and ourselves during the challenging days ahead. Thank you.
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LETTERS

Meta-Analysis as a Symptom: The Example of Flow Diverters

The principle of a meta-analysis is to evaluate the effect of a
treatment by combining the results of several studies. This

method increases the statistical power to test certain hypotheses,
especially when several randomized controlled trials are each too
small to provide an answer or have provided contradictory
conclusions.

Because we have very few randomized trials in interventi-
onal neuroradiology, our meta-analyses most often collect data of
uncontrolled case series. A meta-analysis then makes sense when
the target pathology is rare, with a limited number of cases
reported in each publication. However, in this case, a single
meta-analysis is sufficient, even if it may need to be updated
sometimes.

The excessive use of multiple meta-analyses for the same med-
ical problem is a symptom: the hope that the next one will pro-
vide better results than the previous one. Any neuroradiologist
can consult PubMed and enter the term, object of his or her
research, followed by “AND meta-analysis” and compare the
number of responses obtained. Between February 2013 and
January 2020, 19 meta-analyses, often redundant, have been pub-
lished concerning the treatment of cerebral aneurysms by flow
diverters. It is at this point that it would become possible to envis-
age a meta-analysis of meta-analyses!

I know that not all cerebral aneurysms are the same and that
it may be necessary to distinguish those of the carotid from those
of the vertebrobasilar circulation, to separately examine large and
small aneurysms, those of the anterior communicating artery and
those of the middle cerebral artery, those treatments for which
one antiplatelet has been prescribed rather than another, and so
forth. However, all these remarks also apply to coil treatment,
and there have been only 2 published meta-analyses on that topic
in the 27 years that they have been in clinical use. Why is that?

When a treatment has convinced a discipline of its efficacy and
relative safety, meta-analyses are not necessary. There is no meta-
analysis concerning usefulness of antibiotic treatment in pulmo-
nary tuberculosis.

This overabundance of meta-analyses expresses the desire to
convince physicians and patients of the benefits of this implant.
Quantity makes quality. Most meta-analyses (as well as most case
series) on flow diversion report a cumulative morbidity/mortality
rate of 10% or so, as if this was the normal price to pay for “other-
wise untreatable” aneurysms. The argument that flow diversion
should fill a therapeutic void is not supported by the number of
units used between 2 interventional neuroradiologist centers that
treat roughly the same number of aneurysms per year. The regu-
latory status of implants allows them to be used in indications dif-
ferent from those for which they were initially presented to the
health authorities (at least in Europe). Thus, large and giant
aneurysms of the carotid siphon, the initial indication for flow
diverters, are now only an excuse to extend their use in the treat-
ment of small or even very small aneurysms in multiple other
locations, and to “accept” the 10% complication rate without bal-
ancing this risk with the one of other management options,
including observation. The apparent aim of multiplying meta-
analyses may finally be to replace the unquestionable methodo-
logic evaluation, ie, the randomized controlled trial.

The financial crisis to which our insurance systems are subject
will probably force health authorities to no longer offer reim-
bursement for expensive devices if they have not been subjected
to rigorous evaluation. While a waiting that, we can bet that we
will still have the opportunity to read a new meta-analysis about
flow diverters in the near future.

E. Houdart
Service de Neuroradiologie

Hôpital Lariboisière
Paris, Francehttp://dx.doi.org/10.3174/ajnr.A6594
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