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Perfusion MR Neuroimaging in Patients Undergoing
Balloon Test Occlusion of the Internal Carotid Artery

Eduard Michel, Haiying Liu, Kent B. Remley, Alastair J. Martin, Michael T. Madison,
John Kucharczyk, and Charles L. Truwit

BACKGROUND AND PURPOSE: We sought to investigate whether the combination of con-
ventional, diffusion-weighted, and perfusion-weighted MR imaging increases the diagnostic ac-
curacy of balloon test occlusion of the internal carotid artery. We describe perfusion anomalies
and patterns of enhancement seen in areas of altered brain perfusion during MR-monitored
temporary balloon occlusion of the internal carotid artery.

METHODS: Nine patients underwent balloon occlusion testing under standard angiographic
conditions with continuous clinical and EEG monitoring. One patient who failed the test by
clinical criteria underwent an external carotid to internal carotid bypass operation, followed
by a repeat balloon test occlusion, thereby bringing the total number of procedures to 10.
Patients were further imaged at 1.5 T with perfusion- and diffusion-weighted imaging as well
as with conventional noncontrast and contrast-enhanced turbo fluid-attenuated inversion re-
covery (FLAIR) and T1-weighted sequences.

RESULTS: Seven of 10 patients who tolerated unilateral carotid test occlusion without ad-
verse clinical neurologic or EEG changes exhibited delayed first-pass transit of contrast ma-
terial through the affected cerebral hemisphere, indicative of altered perfusion without signif-
icant concurrent cerebral blood flow or blood volume changes. Four of these patients and both
symptomatic patients showed pial or subarachnoid contrast staining in areas of altered per-
fusion without abnormalities on diffusion-weighted images.

CONCLUSION: Our findings indicate that MR perfusion-weighted imaging is safe and easily
accomplished in a high-field-strength magnet and that contrast-enhanced turboFLAIR imaging
may provide clinically useful MR imaging evidence of abnormal cerebral blood flow and sub-
clinical ischemia.

Temporary balloon test occlusion of the internal ca-
rotid artery (ICA) is performed as a preliminary
evaluation in patients who are scheduled to under-
go endovascular, neurosurgical, or otolaryngologic
procedures in which permanent occlusion of the
ICA either is indicated preoperatively or presents a
significant risk intraoperatively. The purpose of this
procedure is to stratify patients according to their
risk for stroke during or after permanent occlusion
of this vessel. Essentially 100% of patients who fail
balloon test occlusion by clinical criteria incur per-
manent neurologic deficits if the ICA is occluded
without a revascularization procedure (1, 2). The
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majority of patients tolerate the procedure, by clin-
ical criteria, but a small subset of these patients,
less than 5%, incur delayed neurologic deficits after
permanent vascular occlusion either because of in-
adequate cerebral blood flow (CBF) or embolic
phenomena occurring in the ipsilateral hemisphere
(3–7). Approximately 10% of patients pass the
temporary balloon test occlusion but have de-
creased hemispheric blood flow as measured by
stable xenon CT. More than 50% of patients have
a stroke after permanent ICA occlusion, which has
been attributed to low-flow states; this phenomenon
is of concern, particularly in patients undergoing
long surgical procedures or experiencing perioper-
ative hypotension, hypovolemia, or anemia, in con-
tradistinction to patients undergoing endovascular
occlusion with close postprocedural hemodynamic
monitoring (2, 8, 9).

In an attempt to identify patients with decreased
cerebral perfusion who are at risk for stroke, ad-
junctive imaging and monitoring techniques have
been proposed. These include measurement of ce-
rebral perfusion by stable xenon-enhanced CT (9,
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TABLE 1: Patient demographics and indications for balloon test
occlusion

Patient
No. Age (y)/Sex Indication for Balloon Test Occlusion

1
2
3

57/M
43/M
61/M

Right skull base meningioma
Left glomus tumor
Recurrent squamous cell carcinoma of

the right maxillary sinus
4 50/F Left glomus jugulare

Repeat procedure after EC-IC bypass
5 58/M Squamous cell carcinoma of the left

tonsil
6 59/M Recurrent squamous cell carcinoma of

the left tonsil
7 61/F Giant intracranial ICA aneurysm
8 29/F Right carotid body tumor
9 52/F Complex intracranial aneurysms

10), single-photon emission CT (11–13), transcra-
nial Doppler sonography (14, 15), and hypotensive
challenge (16). In the present study, first-pass per-
fusion-weighted MR imaging was used in conjunc-
tion with diffusion-weighted and contrast-enhanced
turbo fluid-attenuated inversion recovery (FLAIR)
imaging in an attempt to identify patients who
would tolerate temporary balloon test occlusion of
a carotid artery without delayed adverse neurologic
effects.

Methods

Patient Selection

Two groups of patients were referred to our service for bal-
loon test occlusion procedures: patients undergoing surgical
sacrifice of the ICA during resection of a neck, skull base, or
intracranial tumor and patients scheduled to undergo endovas-
cular occlusion of the ICA for management of complex carotid
artery aneurysms. The human subjects committee approved the
protocols used in this study.

Nine patients (five men and four women) had a total of 10
balloon test occlusion procedures; patient 4 had a repeat pro-
cedure after undergoing external carotid to internal carotid
(EC-IC) bypass. Patient demographics and clinical indications
for balloon test occlusion are summarized in Table 1.

ICA Test Occlusion

Unilateral ICA balloon test occlusion was carried out in the
interventional MR therapy suite under MR guidance outside
the 5-gauss line. Bilateral common femoral arterial punctures
were performed with the Seldinger technique. A common ca-
rotid arteriogram was obtained to evaluate the patency of the
ICA and collateral flow from the ipsilateral external carotid
artery. In accordance with published protocols, 5000 U heparin
was given intravenously to prevent thrombus formation, and a
7F balloon catheter (Medtronic, Minneapolis, MN) was placed
into the proximal cervical ICA. Arterial pressures (systolic,
diastolic, and mean) were taken as baseline controls. The test
occlusion balloon was then inflated with contrast material un-
der fluoroscopic monitoring. Arterial occlusion was assessed
with a repeat angiogram, and then a second set of arterial pres-
sures was recorded. The patients underwent continuous neu-
rologic monitoring, including assessment of memory, sensory,
and motor functions, and continuous 12-lead EEG monitoring.
The contralateral ICA and the posterior circulation were also

studied to assess collateral flow during occlusion. The proce-
dure was judged a clinical success if the patient’s neurologic
status and EEG tracings remained stable and if occluded ar-
terial back pressure persisted at a mean value of greater than
40 mm Hg for 30 minutes. After clinical assessment, the EEG
leads were removed from the scalp and the patient was moved
into the MR imager gantry for the imaging part of the protocol.
This required an additional 20 minutes of internal carotid bal-
loon occlusion, during which periodic neurologic testing was
performed.

Patients who could not tolerate temporary carotid balloon
occlusion did not participate further in this study. Patients who
successfully tolerated carotid balloon test occlusion for 30
minutes, as defined above, were considered to be acceptable
surgical candidates for permanent carotid occlusion at subse-
quent surgery.

Imaging Protocol

Before and after internal carotid balloon test occlusion, all
patients underwent diffusion-weighted imaging of the brain
(4100/117 [TR/TE], matrix 5 128 3 256, b 5 1000 s/mm2).
A bolus injection of 0.1 mmol/kg gadopentetate dimeglumine
was then administered, followed by perfusion-weighted MR
imaging of the brain (317/30) on eight levels with 60 acqui-
sitions per level. Computer processing of the acquired images
enabled calculation of a cerebral perfusion map. Axial
turboFLAIR images (6000/125, TI 5 2000, 19 slices, each
5-mm thick, with a gap of 2.5 mm) and axial T1-weighted
images (445/12, 19 slices, each 5-mm thick, with a gap of 2.5
mm) were obtained in some patients by using the contrast
agent administered earlier for the hemodynamic-weighted
studies.

In summary, each patient underwent the following neu-
roimaging procedures: pre–balloon test occlusion MR im-
aging, consisting of noncontrast diffusion-weighted, con-
trast-enhanced perfusion-weighted, and contrast-enhanced
T1-weighted and turboFLAIR sequences; and carotid bal-
loon test occlusion in the therapy suite under MR guidance
with intra–test occlusion MR imaging, consisting of non-
contrast diffusion-weighted, contrast-enhanced perfusion-
weighted, and contrast-enhanced T1-weighted and turbo-
FLAIR sequences (Figs 1 and 2).

Perfusion MR Imaging

Cerebral blood volume (CBV) was measured from the MR
signal intensity changes based on the differences between tis-
sue T2 rates with and without contrast agent, the brain signal
before and after contrast injection, the TE, and a proportion-
ality constant. Coronal brain images were acquired at the level
of the optic chiasm, which enabled imaging of the carotid ar-
teries as they enter the brain, as well as most of the vascular
territory of the middle cerebral artery. Rapid imaging of the
transit of contrast agent through the carotid arteries yielded an
arterial input function, which in turn permitted the calculation
of mean transit time (MTT) of the contrast agent. The regional
CBF was then calculated as CBF 5 CBV/MTT. The CBV and
MTT were used in this study for qualitative analysis of brain
perfusion.

Data Analysis

From the perspective of experimental design and data anal-
ysis, the subject population had two salient features: first, each
patient served as his or her own control in the comparison of
cerebral perfusion before, during, and after the carotid balloon
occlusion test; and second, since the occlusion was a planned
event, the experimental parameters and results were referable
to each individual subject, and the intra- and intersubject var-
iability were, thus, inherently quantifiable. Finally, the con-
trast-enhanced perfusion MR assessments were used to define
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FIG 1. Patient 4: 50-year-old woman un-
dergoing left internal carotid balloon test
occlusion in whom neurologic symptoms
developed 27 minutes into the procedure.

A, Perfusion map shows delayed perfu-
sion in the left hemisphere and no re-
sponse in the right frontal borderzone.

B, Axial turboFLAIR image (9000/110, TI
5 2500) is normal.

C, Contrast-enhanced axial turboFLAIR
image shows curvilinear regions of hyper-
intensity in the subarachnoid spaces or
pial surface on the left frontal region.

D, Contrast-enhanced T1-weighted fat-
saturation image (710/17) shows areas of
short T1 relaxation in the corresponding
regions, but more subtle than on the
turboFLAIR image.

FIG 2. Patient 8: 29-year-old woman undergoing right ICA balloon test occlusion who was asymptomatic throughout the procedure.
A, Perfusion map shows delayed perfusion in the right hemisphere.
B and C, Contrast-enhanced turboFLAIR images (9000/110, TI 5 2500) show areas of hyperintensity in the right parietooccipital and

right frontal regions, in the right middle cerebral artery—posterior cerebral artery and anterior cerebral artery—middle cerebral artery
borderzone distributions of the right hemisphere.
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TABLE 2: Clinical and neuroimaging findings

Patient
No.

Pass/Fail
Balloon Test
Occlusion by

Clinical Criteria Perfusion Maps

MR Findings after
Balloon Test Occlusion

Enhancement
on FLAIR Images

Enhancement
on T1-Weighted

Images

1 Pass CBV: No change
TTP: 0.9-second delay in ipsilateral borderzone

No N/A

2 Pass Poor quality perfusion map No No
3 Fail* CBV: No response ipsilateral hemisphere borderzone

TTP: 6.7-second delay in contralateral borderzone
Yes No

4 Fail† CBV: No response in contralateral frontal borderzone
TTP: 6.1-second delay in ipsilateral borderzone

Yes Yes

Pass‡ CBV: No change
TTP: 3.2-second delay in ipsilateral borderzone

N/A No

5 Pass CBV: No change
TTP: 2.9-second delay in ipsilateral borderzone

Yes No

6 Pass CBV: No bolus response in contralateral borderzone
TTP: 2.9-second delay in ipsilateral borderzone

No N/A

7 Pass CBV: No change
TTP: 0.7-second delay in ipsilateral borderzone

Yes N/A

8 Pass CBV: No change
TTP: 1.3-second delay in ipsilateral borderzone

Yes N/A

9 Pass CBV: No change
TTP: 3.2-second delay in ipsilateral borderzone

Yes Yes

Note.—CBV indicates cerebral blood volume; N/A, not applicable; TTP 5 time to peak flow.
* Patient was incoherent several seconds into procedure.
† Patient was incoherent 27 minutes into procedure.
‡ Repeat procedure after EC-IC bypass.

the quantitative threshold, or minimal cerebral perfusion val-
ues, for individual patients. This information, obtained pre-
operatively, was then evaluated in terms of its utility in relation
to subsequent surgical and postoperative management using
standard statistical methodologies.

Results
Nine patients underwent a total of 10 unilateral

carotid artery balloon test occlusion procedures.
Seven patients tolerated the procedure without clin-
ical or EEG changes. Patient 3 developed imme-
diate neurologic deficits, which resolved after 12
hours without clinical or imaging evidence of
stroke. Patient 4 had a temporary neurologic
change at 27 minutes, which resolved immediately
after balloon deflation. Both symptomatic patients
underwent EC-IC bypass before final ICA occlu-
sion. Repeat balloon test occlusion in patient 4 after
EC-IC bypass was performed but the enhanced
turboFLAIR images were of poor diagnostic qual-
ity. All remaining eight patients underwent con-
trast-enhanced turboFLAIR imaging, but only six
had diagnostic postocclusion contrast-enhanced
T1-weighted imaging. The clinical and imaging
findings are summarized in Table 2. None of the
symptomatic or asymptomatic patients showed ab-
normalities on diffusion-weighted images.

Perfusion maps were abnormal in all cases (Figs
1A and 2A). All patients studied had delayed per-
fusion to the ipsilateral or contralateral hemisphere,
although CBF and CBV were not uniformly af-

fected. One patient had a nondiagnostic perfusion
map. Of the remaining nine patients, six showed no
change in CBV. The other three patients showed no
response to the contrast bolus: in two patients the
abnormality was localized to the contralateral
hemisphere borderzone white matter, and in the
third patient, to the ipsilateral hemisphere border-
zone. Both patients who failed the test clinically
had severe perfusion abnormalities whereas only
one patient who passed clinically showed a lack of
perfusion. All patients with diagnostic perfusion
maps had perfusion delays. The seven patients who
passed clinically had delays ranging from 0.7 sec-
onds to 3.2 seconds, as compared with the nonoc-
cluded hemisphere. Patient 3, who failed clinically,
had a 6.7-second perfusion delay in the contralat-
eral hemisphere, and patient 4, who also failed, had
a 6.1-second delay in the ipsilateral hemisphere. In
both these patients the CBV and MTT abnormali-
ties occurred in opposite hemispheres.

Contrast-enhanced images obtained during bal-
loon test occlusion showed areas of hyperintensity
in the subarachnoid spaces or pial surfaces corre-
sponding in location to areas of perfusion abnor-
mality. These were seen in six of nine diagnostic
studies with turboFLAIR sequences and in two of
six T1-weighted studies. Both patients with T1-
positive findings also had positive findings on
turboFLAIR images, while two patients had hyper-
intensities on only the turboFLAIR images. In the
patients with positive findings on both the turbo-
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FLAIR and T1-weighted sequences, the areas of
hyperintensity were more extensive and more
prominent on the turboFLAIR images.

Discussion
Noninvasive MR evaluation of cerebral perfu-

sion requires a combination of high-speed MR im-
aging and timed bolus administration of contrast
agent in order to model the kinetics of first-pass
transit of contrast material through the cerebral mi-
crocirculation (17–19). Diffusion-weighted imag-
ing similarly requires high-performance echo-pla-
nar systems and currently is the most sensitive
imaging technique available for evaluation of ce-
rebral ischemia and differentiation of acute versus
chronic ischemic foci (20). The diagnostic utility
of functional MR imaging, consisting of combined
perfusion- and diffusion-weighted neuroimaging,
of acute stroke has been demonstrated in numerous
studies (21–24). In particular, the results have
shown that use of diffusion-weighted contrast-en-
hanced first-pass perfusion imaging significantly
improves 1) early detection of acute stroke, based
on underlying cerebral perfusion deficits (22, 23,
25); 2) documentation of successful reperfusion of
ischemic brain tissues (26, 27); and 3) differentia-
tion of reversibly and irreversibly injured brain tis-
sues (22).

The primary aim of the present study was to use
bolus intravenous injection of contrast material
combined with MR perfusion neuroimaging meth-
ods to evaluate cerebral perfusion before and dur-
ing 30-minute balloon test occlusion of one ICA in
patients in whom subsequent neuroendovascular
and/or neurosurgical procedures were planned.

The purpose of preoperative balloon test occlu-
sion of the ICA is to stratify patients according to
risk for incurring permanent neurologic deficits af-
ter carotid sacrifice. Adjunctive imaging and mon-
itoring techniques have been added to improve the
diagnostic accuracy of this test, although the meth-
od of permanent occlusion (ie, intraoperative or en-
dovascular) and, inherently, periprocedural man-
agement may still influence the final outcome (9).
According to reported studies, balloon occlusion of
the ICA generally produces one of three outcomes.
Approximately 80% of patients have adequate col-
lateral flow and cross circulation through the circle
of Willis and, consequently, tolerate balloon occlu-
sion of the ICA; patients in this group are generally
considered to be at low risk for developing clinical
neurologic symptoms when their ICA is occluded
during subsequent surgery, with less than 5% in-
curring permanent neurologic deficits (3, 6, 7). A
second, much smaller, population of patients clin-
ically fail the challenge; preoperative identification
of this patient subgroup is important because these
patients generally cannot undergo surgery unless an
EC-IC bypass procedure is first performed. The
third group of patients, representing 5% to 10% of
the total patient population, appear to tolerate the

standard 30-minute carotid test occlusion, as dem-
onstrated by neurologic monitoring performed dur-
ing the test, but subsequently develop delayed ad-
verse neurologic deficits, including stroke, usually
within 1 to 3 days after the procedure.

The present results indicate that perfusion MR
imaging carried out during balloon test occlusion
is clinically feasible and provides further evidence
of delayed and decreased hemispheric perfusion. In
our study, however, perfusion MR imaging alone
and in combination with diffusion-weighted imag-
ing was insufficient for stratifying patients into the
three categories described above. In particular, we
were unable to identify, either prospectively or ret-
rospectively, those patients who could safely tol-
erate occlusion of an ICA versus those who are
likely to have delayed neurologic deficits after in-
ternal carotid occlusion during surgery.

The second objective was to assess the specific
diagnostic imaging efficacy of administering an in-
travenous bolus injection of 0.1 mmol/kg contrast
material, as determined by the cerebrovascular
transit characteristics of the contrast agent, and to
attempt to identify patients at intermediate risk, or
those in whom delayed neurologic deficits will
develop.

This study, however, did reveal an unexpected,
clinically significant finding. We found that contrast
enhancement of the pial surfaces or subarachnoid
spaces on turboFLAIR imaging in areas of altered
perfusion during balloon test occlusion could in-
dicate a potential problem. This finding was dis-
covered early in the study and presented us with a
clinical dilemma: should we consider this evidence
of clinically silent hypoperfusion, which might sug-
gest an increased risk of delayed neurologic se-
quelae, or should we ignore the finding?

Intravascular enhancement is a well-accepted
finding in cases of early cerebral infarction, de-
picting regions of slow arterial flow (28–30). Our
findings, however, are different from those report-
ed in the literature, because the foci of T1 short-
ening were located on the pial surfaces or in the
adjacent subarachnoid spaces. The ability of
FLAIR imaging to depict such changes has been
well documented for infectious, neoplastic, and
hemorrhagic entities (31–33). Furthermore, sev-
eral investigators recently reported areas of sub-
arachnoid hyperintensity on FLAIR images after
intravenous administration of gadolinium products
as well as iodine-based agents (34–37). The mech-
anism hypothesized to account for contrast extrav-
asation into the CSF is leakage across damaged
endothelial cells of pial vessels, presumably sec-
ondary to an ischemic event. Even more direct
correlation between leakage of contrast agent into
the subarachnoid space and an ischemic state has
been proposed in cases of moyamoya disease and
Sturge-Weber syndrome (38, 39).

Our findings showed subarachnoid or pial hy-
perintensities on four (57%) of seven diagnostic
images in the asymptomatic patients and in both
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(100%) of the symptomatic patients. As expected,
these findings were seen better on FLAIR images
than on T1-weighted images (32). In this series,
only two (50%) of the four patients with positive
findings on FLAIR images showed enhancement on
T1-weighted images, and in these cases the findings
were less extensive in distribution and more subtle
in signal intensity than on corresponding FLAIR
images. The agreement between the location of
these hyperintensities and the areas of abnormal
perfusion adds confidence to the opinion that our
findings represent alterations in vascular perme-
ability or hemodynamic changes based on changes
in CBF. The possibility that the clinical and imag-
ing findings are due to embolic phenomena was
also entertained but was considered less likely. The
dose of heparin administered was chosen empiri-
cally on the basis of previous reports of balloon
test occlusion techniques and was considered ade-
quate, although activated clotting times were not
checked (8, 10, 15, 40–42). Furthermore, the clin-
ical and imaging findings in our symptomatic pa-
tients do not support a pattern of stump-related em-
bolic disease. Such complications have been
described during and after balloon test occlusion,
but patients usually exhibit focal motor findings
rather than cortical deficits, and the imaging pattern
of such complications is usually different (8, 14).

An additional unexpected finding was observed
in three patients who showed perfusion abnormal-
ities in the hemisphere contralateral to the artery
being occluded. In one symptomatic and one
asymptomatic patient there was no detectable per-
fusion to the contralateral hemisphere, while in one
symptomatic patient there was marked delay in per-
fusion to the contralateral hemisphere. Once again,
the contrast-enhanced FLAIR and T1-weighted im-
ages were in agreement as to location of perfusion
abnormalities and T1 shortening. These findings
were interpreted as representing a vascular steal
phenomenon during the balloon test occlusion via
collateral pathways, across a patent and functional
anterior communicating artery.

The findings on diffusion-perfusion weighted
imaging and contrast-enhanced images did not al-
low us to stratify patients according to risk for
stroke developing after permanent ICA occlusion.
Our approach to patients undergoing balloon test
occlusion was deliberately conservative and based
on clinical criteria. In the future, more rigorous
evaluation of the pial enhancement feature of con-
trast-enhanced turboFLAIR imaging may be
indicated.

Conclusion
In an attempt to identify patients who are at risk

for permanent neurologic deficits as the result of
permanent carotid occlusion during balloon test oc-
clusion, imaging was performed in an intervention-
al MR setting. Our findings showed that a protocol
consisting of diffusion- and perfusion-weighted im-

aging as well as conventional spin-echo and inver-
sion-recovery sequences is feasible and safe. More-
over, we found marked alteration in CBF to the
affected hemisphere and occasionally to the contra-
lateral hemisphere, presumably due to vascular
steal. The areas demonstrating altered perfusion
also showed T1 shortening over the pial surfaces
or in the subarachnoid spaces, which were more
constant and more prominent on FLAIR images
than on T1-weighted images. On the basis of our
findings and those reported previously, we con-
clude that this occurrence is due to hemodynamic
changes or increased permeability of the leptomen-
ingeal vessels. While these observations did not al-
low us to prospectively or retrospectively select pa-
tients at increased risk for stroke after permanent
arterial occlusion, they may indicate subclinical is-
chemia; therefore, these sequences have become
part of our routine MR protocol for evaluation of
acute ischemia.
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