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Prediction of Borderzone Infarction by CTA in Patients
Undergoing Carotid Embolization for Carotid Blowout

ABSTRACT

B.-C. Lee, WY -H. Lin, “C.-W. Lee, "“H.-M. Liu, and " A. Huang

o=

BACKGROUND AND PURPOSE: Permanent common carotid artery and/or ICA occlusion is an effective treatment for carotid blowout
syndrome. Besides postoperative thromboembolic infarction, permanent common carotid artery and/or ICA occlusion may cause borderzone
infarction when the collateral flow to the deprived brain territory is inadequate. In this study, we aimed to test the predictive value of CTA for
post—permanent common carotid artery and/or ICA occlusion borderzone infarction in patients with carotid blowout syndrome.

MATERIALS AND METHODS: In this retrospective study, we included 31 patients undergoing unilateral permanent common carotid artery
and/or ICA occlusion for carotid blowout syndrome between May 2009 and December 2016. The vascular diameter of the circle of Willis
was evaluated using preprocedural CTA, and the risk of borderzone infarction was graded as very high risk, high risk, intermediate risk, low
risk, and very low risk.

RESULTS: The performance of readers’ consensus on CTA for predicting borderzone infarction was excellent, with an area under receiver
operating characteristic curve of 0.938 (95% confidence interval, 0.85-1.00). We defined very high risk, high risk, and intermediate risk as
positive for borderzone infarction, the sensitivity, specificity, positive predictive value, and negative predictive value of CTA for border-
zone infarction were 100% (7/7), 62.5% (15/24), 43.8% (7/16), and 100% (15/15), respectively. The interobserver reliability was excellent (k =
0.807). No significant difference in the receiver operating characteristic curves was found between the 2 readers (P = .114).

CONCLUSIONS: CTA can be used to predict borderzone infarction after permanent common carotid artery and/or ICA occlusion by
measuring the collateral vessels of the circle of Willis.

ABBREVIATIONS: AcomA = anterior communicating artery; A, = area under the ROC curve; BTO = balloon test occlusion; CBS = carotid blowout syndrome;
CCA = common carotid artery; PCO = permanent common carotid artery and/or ICA occlusion; PcomA = posterior communicating artery; ROC = receiver operating

characteristic

Rupture of the carotid artery and its branches, referred to as
carotid blowout syndrome (CBS), is an infrequent but
dreaded complication of head and neck cancer, which occurs in
up to 4.3% of patients.' ™ Patients with head and neck cancer who
have radiation-induced necrosis, tumor recurrence, pharyngocu-
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taneous fistulas, or wound complications are more prone to de-
velop CBS.”° The emergency surgical management of CBS, which
involves ligating the common carotid artery (CCA) or ICA, is a
technically challenging procedure that is associated with high risk
of cerebral ischemia.””*® For a patient with CBS and a diseased
CCA and/or ICA, permanent CCA and/or ICA occlusion (PCO)
with coils is an effective treatment that produces better clinical
outcomes compared with stent-graft placement” and has been the
standard treatment in our institution. Still, thromboembolic in-
farction and borderzone infarction occurred in approximately
20% of patients.” Balloon test occlusion (BTO) is the optimal
testing method that can simulate the collateral reserve of the circle
of Willis, which is associated with hypoperfusion-related border-
zone infarction after PCO.'%'* However, the suitability of BTO
during emergent PCO for CBS is contentious, and the complica-
tion rate of BTO has been reported to be as high as 3.2%, which
might be even higher for patients with CBS in whom heparin
infusion is contraindicated.'>"’
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Because of the superior ability of CTA to detect an exposed
artery compared with angiography, CTA has become a valuable
tool for procedure planning in patients with CBS."'* The diameter
of the collateral vessels in the circle of Willis can be measured on
CTA using thin-sliced images with MIP and using MPR tech-
niques.'” Therefore, we hypothesized that CTA can stratify the
cerebral collateral reserve of the circle of Willis, permitting pre-
diction of borderzone infarction. In this study, we aimed to esti-
mate the predictive value of CTA for post-PCO borderzone in-
farction in patients with CBS.

MATERIALS AND METHODS

This retrospective study was approved by the institutional review
board of National Taiwan University Hospital, and the require-
ment for informed consent was waived. The medical records of
patients with CBS treated with PCO between May 2009 and
March 2016 were retrieved and reviewed. The inclusion criteria
were patients with a history of head and neck cancer, treated with
an operation and/or chemotherapy and/or radiation therapy,
having undergone unilateral PCO following CBS. There were 42
patients identified; 11 of them were excluded because of con-
tralateral ICA occlusion (n = 1), ipsilateral extracranial intracra-
nial bypass (n = 1), spontaneous ipsilateral ICA thrombosis after
local compression (n = 1), prolonged (>5 minutes) cardiovascu-
lar resuscitation before the procedure (n = 1), no preprocedural
CTA of the circle of Willis due to a clinical emergency (n = 3), and
no available thin-slice (=1 mm) CTA images for detailed evalua-
tion of the circle of Willis (n = 4). No patient was identified as
having a contralateral ICA, bilateral vertebral arteries, or basilar
artery stenosis (>50%). Finally, 31 patients were enrolled in our
study.

CTA Imaging Protocol

The routine CTA protocol for CBS was as previously reported.'*
In brief, a 64—detector row CT scanner (LightSpeed VCT; GE
Healthcare, Milwaukee, Wisconsin) was used for CTA imaging,
with 3 scanning phases (precontrast, arterial, and venous). The
CTA protocol was as follows: 64 X 0.625 collimation, 0.516 pitch,
0.4-second rotation time, and 100 kV(peak). We used 200 mA for
the precontrast phase and 400 mA for the arterial and venous
phases. Dual injectors were used. The scanning range was between
the aortic arch and the level of the lateral ventricles, and the timing
of CTA was determined by the test-bolus technique. At a rate of 4
mlL/s, the contrast material (60 mL) and a saline chaser (35 mL)
were injected after a delay to generate the arterial phase, and the
venous phase was obtained after another 30 seconds. The source
images were reconstructed into 0.625- or 1-mm slice thicknesses
in axial, coronal, and sagittal views.

Visibility of the Circle of Willis

The CTA images were evaluated for the following segments of the
circle of Willis: the Al and A2 segments of the anterior cerebral
artery, the anterior communicating artery (AcomA), the P1 and
P2 segments of the posterior cerebral artery, and the posterior
communicating artery (PcomA). One radiologist (B.-C.L.) who
did not participate in the evaluation of the circle of Willis graded
the quality of CTA in 3 categories: excellent, indicating high-qual-

Occlusion

FIG1. A33-year-old man with nasopharyngeal carcinoma and left ICA
blowout. A, No right Al segment is detected on the coronal MIP (5
mm) image (white arrow). B, Only a hair-thin PcomA is detected on
the axial MIP (5 mm) image. C, The narrowest portion of the anterior
and posterior collateral vessels is aplastic, and the patient is grouped
as very highrisk. The recruited collateral flows after PCO are indicated
by gray arrows. D, Diffusion-weighted imaging shows left borderzone
infarction and bilateral anterior cerebral artery thromboembolic in-
farction on the same day after left ICA embolization.

ity delineation of the circle of Willis; fair, indicating slightly lower
quality, but still useful for delineation of the circle of Willis; and
poor, indicating suboptimal for evaluation of the circle of Willis.

Evaluation and Data Analysis

All CTA images (source images plus MIP images) were evaluated
independently by 2 attending neuroradiologists (C.-W.L. and
Y.-H.L. with 11 and 4 years of experience, respectively), blinded to
patient identity and neurologic outcomes. MIP images were gen-
erated from subtracted arterial phase images. Different projec-
tions by MPR techniques were used for optimal demonstration of
the target vascular portion. Stenosis on MIP images was estimated
by visual inspection, and the readers could adjust the window
width and level if needed.

After PCO, the circle of Willis redistributes blood flow via the
AcomA and the ipsilateral PcomA to the occluded side of the
brain. The blood flows from the contralateral ICA, goes along
the contralateral Al segment and the AcomA in an anterograde
manner and then along the ipsilateral A1 segment in a retrograde
manner, eventually supplying the ipsilateral MCA territory.
Meanwhile, the recruitment of blood flow from the basilar artery
goes through the ipsilateral P1 segment and PcomA to supply the
ipsilateral MCA territory.

The narrowest portions of the vessels were presumed to dom-
inate the collateral blood flow. Both readers classified the narrow-
est portion of the AcomA and bilateral A1 segments (forming the
anterior collateral vessels), which dominate the collateral flow
from the contralateral ICA after PCO, into aplastic (<25% of the
ipsilateral A2 segment) (Fig 1A), hypoplastic (25%-50% of the
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FIG 2. This 74-year-old man with nasopharyngeal carcinoma pre-
sented with massive hematemesis and epistaxis. A, Faint opacification
of the AcomA (white arrow) is shown on the oblique MIP image (7
mm), which is hypoplastic. The target of embolization is the right ICA
(black arrow) due to an ICA pseudoaneurysm (not shown). B, No right
PcomA is detected on the axial MIP image (7 mm). C, This patient is
interpreted as high risk because only 1 hypoplastic AcomA supplies
the collateral flow (gray arrows). D, Right borderzone infarction and
tiny left embolic infarctions developed 5 days after right ICA embo-
lization (shown on diffusion-weighted imaging).

ipsilateral A2 segment) (Fig 2A), and patent (>50% of the ipsilat-
eral A2 segment) (Figs 3A and 4A) segments. Likewise, the readers
classified the narrowest portion of the ipsilateral PcomA and P1
segments (forming the posterior collateral vessels), which form
the collateral flow from the basilar artery after PCO, into aplastic
(<25% of the ipsilateral P2 segment) (Figs 1B, 2B, and 3B), hyp-
oplastic (25%-50% of the ipsilateral P2 segment), and patent
(>50% of ipsilateral P2 segment) (Fig 4B) segments. Steno-occlu-
sive disease of the contralateral CCA and/or ICA and anatomic
variants of the intracranial vasculature were also evaluated.

Both readers concluded their interpretation on collateral re-
serve, if disruption (ie, PCO) occurred, with a 5-point scale re-
garding the risk of borderzone infarction: very high risk, high risk,
intermediate risk, low risk, and very low risk. If there was dis-
agreement between the 2 readers, a consensus decision was made
after discussion. In brief, assessment was as follows: The collateral
reserve of the circle of Willis would be considered very high risk if
both the anterior and posterior collateral vessels were aplastic (Fig
1), high risk if one was aplastic and the other was hypoplastic (Fig
2), intermediate risk if both were hypoplastic, low risk if one was
patent and the other was aplastic (Fig 3), and very low risk if one
was patent and the other was hypoplastic or patent (Fig 4).

PCO Protocol

Before every procedure, written informed consent was obtained
from the patient and/or his or her family. All the PCO procedures
were conducted in a biplane angiographic suite (Axiom Artis;
Siemens, Erlangen, Germany). In our institution, PCO is the first-
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FIG 3. Images in a 36-year-old man with massive bleeding from a
protruding tumor. A, Oblique MIP image (7 mm) shows that the
AcomA (white arrow) diameter is >50% of the ipsilateral A2 artery
(PCO side, hollow arrow). B, The left PcomA on the axial MIP image (5
mm) is aplastic. C, The patient is interpreted as low risk. The recruited
collateral flows after PCO are indicated by gray arrows. D, Intrapro-
cedural angiography shows irregular narrowing of the diseased left
ICA (black arrow). No neurologic deficit was detected after left PCO.

PS,v9

Occlusion

FIG 4. A 52-year-old man with hypopharyngeal cancer and bleeding
from the exposed left carotid artery. A, Axial MIP image (7 mm) shows
a well-opacified AcomA (white arrow), which is >50% of the ipsilat-
eral (PCO side) A2 segment (not shown). B, An axial MIP image (7 mm)
reveals the left PcomA (black arrow), which is considered patent. C,
The patient is considered very low risk. The recruited collateral flows
after PCO are indicated by gray arrows. D, No cerebral infarction was
found on brain CT 14 days after the left ICA embolization.

line treatment for CBS with pathologic lesions located in the CCA
and/or ICA. To save time and to prevent excessive bleeding from
anticoagulant use, we did not perform BTO before embolization.



Likewise, we did not deploy stent grafts for CBS because long-
term neurologic outcomes have not been shown to be superior to
PCO™''® and because poststenting antiplatelet and anticoagu-
lant therapy is not preferred in CBS.

The timing of PCO was based on the clinical condition, CTA
findings, and the willingness of the patient and/or family. Conser-
vative managements, such as gauze packing, local compression,
blood transfusion, fluid challenge, and/or tracheostomy were
given if a patient refused PCO. The extent of PCO was planned
according to the CTA images and correlated with angiography.
The vertebral arteries and contralateral CCA were checked before
the procedure ended. Platinum coils were used as the primary
embolic agent, and vascular plugs were reserved for CCA oc-
clusion. After PCO, we routinely elevated the systolic blood
pressure to between 120 and 160 mm Hg to ensure sufficient
brain perfusion.

Neurologic Outcomes

After PCO, patients were admitted to an intensive care unit and
monitored closely for signs of developing neurologic deficits,
changing blood pressure, and rebleeding. The severity of the neu-
rologic deficit was determined according to the summary of the
neurology and rehabilitation consultation notes during admis-
sion. One radiologist (B.-C.L.) identified borderzone infarction
and other thromboembolic infarction within 1 month after em-
bolization by CT or MR imaging'®; both were available for all
patients with neurologic deficits. Borderzone infarction with ex-
tension to territorial regions was grouped as borderzone infarc-
tion. Patients were followed after the initial CTA to the last hos-
pital visit or death.

Statistical Analysis

All statistical analyses were performed with MedCalc statistical
software (Version 15.4.0.0; MedCalc Software, Mariakerke, Bel-
gium). Reserve ratings of very high risk, high risk, and intermedi-
ate risk were considered positive, and collateral reserve ratings of
low risk and very low risk were considered negative, to determine
the sensitivity and specificity. Receiver operating characteristic
(ROC) analysis was performed, and sensitivities and specificities
were calculated for the performance of readers when predicting
neurologic outcome after PCO. The diagnostic performance (ar-
eas under the ROC curve, [A,]) of CTA for different neurologic
outcomes was compared by paired comparison of the ROC curves
using the DeLong method.?® The interobserver reliability was an-
alyzed by the linear weighted-k statistic, with a value of 0.61-0.80
indicating substantial agreement and a value of 0.81-1.00 indicat-
ing excellent agreement. For all statistical analyses, a P value < .05
was considered statistically significant.

RESULTS

The patients (n = 31,4 women and 27 men) enrolled in our study
had a mean age of 53.7 years (range, 3379 years). The primary
diagnosis was nasopharyngeal carcinoma in 41.9% (13/31) of pa-
tients, oropharyngeal cancer in 19.4% (6/31), oral cancer in
12.9% (4/31), hypopharyngeal cancer in 19.4% (6/31), laryngeal
cancer in 3.2% (1/31), and thyroid cancer in 3.2% (1/31). The
clinical characteristics of these patients are shown in On-line

Table 1. The quality of CTA was considered excellent in 28 pa-
tients (90.3%, 28/31) and fair in the other 3 patients (9.7%, 3/31).
The fair ratings were because of the suboptimal timing of the
arterial phase, which resulted in opacification of the cavernous
sinus.

Accuracy of CTA for Predicting Neurologic Outcome

The stratified stroke risk in the cerebral collateral model is shown
in the Table. All-cause stroke occurred in 10 (32.3%, 10/31) pa-
tients, with the pattern being borderzone infarction in 7 patients,
left retinal artery infarction in 1 patient, right retinal artery infarc-
tion in 1 patient, and right anterior cerebral artery infarction in 1
patient. The right anterior cerebral artery infarction was caused by
inadvertent coil migration to the ipsilateral anterior cerebral
artery.

The diagnostic performance and interobserver agreement of
the CTA ratings are shown in On-line Table 2. For predicting
borderzone infarction, the ROC curve analysis demonstrated A,
values of 0.97, 0.938, and 0.914 for the experienced reader
(C.-W.L.), the overall consensus, and the less-experienced reader
(Y.-H.L.), respectively. No significant difference in the ROC
curves was found between the 2 readers (P = .114). Based on the
consensus results, the sensitivity, specificity, positive predictive
value, and negative predictive value of CTA for borderzone in-
farction were 100% (7/7), 62.5% (15/24),43.8% (7/16), and 100%
(15/15), respectively. Based on our findings, patients with either
patent anterior or posterior collateral vessels (forming low-risk
and very low-risk classifications) were thought to have adequate
collateral reserve to prevent borderzone infarction after PCO. In-
terobserver agreement was substantial for anterior and posterior
collateral vessels (k = 0.631) and was excellent for the collateral
reserve (k = 0.807). The A, values of CT A were lower for all-cause
stroke than for borderzone infarction for both readers and the

consensus.

Technical Outcomes

Rebleeding episodes occurred in 5 (16.1%, 5/31) patients between
days 3 and 64 after the initial PCO, and 4 of them required further
endovascular treatment. One patient did not undergo further an-
giography because compact gauze packing was effective for bleed-
ing control. The rebleeding occurred in the contralateral CCA in
one case because of advanced tumor involvement. Of the other 3
cases, rebleeding occurred in the ipsilateral external carotid artery
in 2 cases and the ipsilateral vertebral artery in 1 case.

Anatomic Variants of the Circle of Willis

A fetal origin of the posterior cerebral artery was found in 3 pa-
tients (left in 2, right in 1). However, no persistent carotid-verte-
brobasilar anastomosis was found in the studied patients.

DISCUSSION

In the present study, we demonstrated that CTA could be used to
predict borderzone infarction after PCO in patients with CBS.
Our results showed that 1 patent anterior or posterior collateral
vessel, regardless of the integrity of the remaining circle of Willis,
would be enough to prevent borderzone infarction after PCO.
Moreover, the reader’s experience had no prominent effect on the
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Assessment of the anterior and posterior collateral vessels and the collateral reserve

reserve under nonemergency clinical sce-

Anterior Collateral Vessels®

narios and can be considered during

Collateral
Reserve Patent Hypoplastic Aplastic emergent PCO if venous phase BTO is
Posterior collateral vessels® Patent Very low risk  Very low risk Low risk used. Given the noninvasiveness and pre-
Hypoplastic  Very low risk  Intermediate risk  High risk dictive value of CTA, our methods can
Aplastic Low risk High risk Very highrisk  serve as an initial risk-stratification tool

@ AcomA and bilateral Al.
® Ipsilateral PcomA and P1.

ROC analysis, implying that the result may be generalized to less-
experienced readers. This finding has not, to our knowledge, been
reported previously, and it may expand to other conditions that
require PCO, such as carotid artery cavernous fistulas, inoperable
giant carotid artery aneurysms, or carotid trunk lacerations.

The collateral potential of the circle of Willis, which allows
alternative routes for the cerebral circulation when the cerebral
blood supply is decreased, was first described by Sir Thomas Wil-
lis in 1664.>" In patients undergoing PCO, diminished arterial
pressure is expected at the postocclusive carotid artery, and neu-
rologic manifestations can be highly variable; whereas some pa-
tients remain asymptomatic, others develop devastating border-
zone infarctions in the deprived territory.” The ability of the circle
of Willis to recruit collaterals to the deprived part of the brain is
crucial to stroke avoidance, similar to that seen with carotid dis-
ease caused by atherosclerotic occlusive disease.”>*” It has been
shown that the existence of collateral flow from the PcomA was
related to a lower incidence of borderzone infarctions in patients
with unilateral ICA occlusion.'' However, if the collateral blood
flow cannot meet the demand of the deprived territory, border-
zone infarction will still occur. Several other factors, such as coil
migration and possible cerebral thromboembolism during coil
deployment, might contribute to the development of thrombo-
embolic infarction after PCO. However, such factors are more
related to the technical aspect of endovascular treatment itself and
are embolic in nature, so they cannot be predicted by our model,
as shown by the finding that the A, values of CTA were lower for
all-cause stroke than for borderzone infarction.

BTO, which involves temporarily occluding the ICA under neu-
rologic monitoring, is an established way of assessing the cerebral
blood flow dependence on a particular ICA.'* In patients who pass
the BTO, the incidence of neurologic complications is 3.0%—-6.7%
after permanent ICA occlusion.?* However, the total occlusion time
needed for most BTO methods, which usually last 30—40 minutes,
may not be tolerable for patients with CBS,*” and BTO was reported
to have a high false-negative rate of 5%-20% in previous studies.”>*”
Recently, venous phase BTO, which measures the discrepancy of ve-
nous filling between both hemispheres during ICA occlusion, has
been introduced and requires only 60—90 seconds of occlusion
time."” Although bilateral femoral cannulation is needed for venous
phase BTO, the low complication rate (0%—0.7%) and its short ex-
amination time are promising. Another viable but less-studied
method is transcranial Doppler sonography or contralateral carotid
angiography with ipsilateral manual carotid compression, which can
be performed within 1 minute.”® However, most patients with CBS
might have a large bleeding wound on the neck, which would be
thickly packed to stop bleeding, or postirradiation fibrosis, which
would make manual carotid compression difficult and incomplete.
BTO is still the criterion standard when evaluating cerebral collateral
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during the preoperative evaluation, and
BTO may be reserved for cases with unde-
termined results.

Carotid stent-graft deployment may preserve the cerebral perfu-
sion in patients with CBS, potentially preventing borderzone infarc-
tion. However, we did not perform stent-graft deployment for CBS
in a unilateral carotid artery because long-term neurologic outcome
after stent placement in this setting has not been shown to be superior
to PCO.”'*"'® The rates of stent-related complications, such as in-
stent thrombosis, cerebral ischemia, and septic embolism, have been
reported to approach 25%-50%, with neurologic complication rates
0f 10%~27.8%.”*° The unacceptably high poststenting complication
rates could be attributable to inadequate antiplatelet therapy during
clinical emergencies and contamination from the exposed artery.
Therefore, we did not consider that routine stent-graft deployment
was justified in patients with CBS, though it might be beneficial if
both the initial CTA and confirmative BTO were considered risky for
borderzone infarction. Further prospective studies are needed to
evaluate the long-term outcomes of stent grafts in patients with in-
sufficient collateral circulations.

The present study had some limitations. We did not account
for other less-frequent collateral flow to the embolized carotid
trunk, such as persistent embryonic vessels or ophthalmic anas-
tomoses from the ipsilateral external carotid artery, which may
supply the ICA in a retrograde manner after PCO. These unac-
counted collateral flows may explain why some high-risk patients
(n = 3) did not develop borderzone infarction. However, the
ophthalmic anastomoses are usually tiny and no persistent em-
bryonic vessel was found in this study. Therefore, we believe that
theses unaccounted collaterals may only contribute to a small
portion of brain perfusion after PCO. Another limitation was that
evaluation of the stenotic portions of collateral vessels, which some-
times follow complex routes and form redundant loops, may be dif-
ficult using visual inspection by inexperienced readers. However, a
vascular diameter of >0.6 mm can be confidently identified by com-
bining source images, MIP,and MPR,*® which allows stratification of
collateral vessels using index A2 (mean, 2.4 mm) and P2 (mean, 2.1
mm) diameters.’"** Also, readers only had to distinguish patent or
nonpatent collateral vessels to obtain a 100% sensitivity for border-
zone infarction according to our study results.

CONCLUSIONS

CTA was suitable for estimating the collateral reserve of the circle
of Willis in patients with CBS, thereby predicting the occurrence
of borderzone infarction after PCO. Further study is warranted to
test whether this result can be generalized to other imaging mo-
dalities, such as MR angiography, or even become an alternative
to BTO in other clinical scenarios.
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