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Carotid Stent Delivery in an XMR Suite:
Immediate Assessment of the Physiologic Impact
of Extracranial Revascularization

Alastair J. Martin, David A. Saloner, Timothy P. L. Roberts, Heidi Roberts, Oliver M. Weber,
William Dillon, Sean Cullen, Van Halbach, Christopher F. Dowd, and Randall T. Higashida

BACKGROUND AND PURPOSE: Patients undergoing stent placement as treatment for
severe stenosis of the internal carotid artery (ICA) were assessed with MR imaging in a
combined MR-radiographic (XMR) angiography suite. MR imaging was performed before and
immediately following conventional radiography—guided stent placement. Changes in MR
imaging measurable properties, including flow and perfusion, resulting from stent placement
were evaluated.

PATIENTS AND TECHNIQUES: MR imaging analysis was performed for 12 patients with
>70% stenosis of the ICA before and after conventional radiography-guided deployment of a
carotid stent. MR imaging acquisitions included angiography, quantitative flow analysis,
perfusion, diffusion, and turbo—fluid-attenuated inversion recovery (FLAIR). These acquisi-
tions were all performed immediately before and following stent placement by using conven-
tional techniques.

RESULTS: MR angiography proved sufficient for identifying the target lesion and permitting
targeted flow analysis. MR flow analysis demonstrated a marked increase in flow in the treated
carotid artery (+2.2 = 1.2 mL/s) and little change in other extracranial arteries. MR perfusion
imaging showed no significant differences in relative cerebral blood volume between hemi-
spheres before or after treatment, but there was a modest decrease in mean transit time and
time to peak evident in the treated hemisphere after stent placement. Diffusion imaging did not
demonstrate any ischemic foci resulting from carotid stent treatment. Hyperintensity of the
CSF was noted on turbo-FLAIR acquisitions in the ipsilateral hemisphere following stent

placement in 75% of patients.

CONCLUSION: MR imaging reliably reflects the state of the carotid artery and provides a
means of monitoring and quantifying the effects of revascularization.

A large body of evidence supports the use of inter-
vention over medical therapy in symptomatic patients
with an atherosclerotic stenosis of the carotid artery
in the range of >50-70% in diameter (1-3). These
large, multicenter studies have specifically demon-
strated that surgical carotid endarterectomy reduces
the incidence of ipsilateral strokes compared with
medical therapy. Surgical endarterectomy, however,
is invasive and is associated with morbidity and mor-
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tality that may vary by surgeon, institution, and expe-
rience (4). Accordingly, endovascular techniques are
increasingly being used to treat carotid artery steno-
sis, especially in patients with high surgical risk or
with failed carotid surgery due to restenosis (5). En-
dovascular techniques are less invasive, allow access
to a larger portion of the carotid artery and do not
require significant periods of transient vessel occlu-
sion or bypass during treatment. Stent placement,
rather than simple balloon angioplasty, achieves bet-
ter intermediate and long-term results and is prefer-
able to avoid the complications of vessel recoil and
intimal dissection.

Carotid stent treatment is performed by using con-
ventional radiographic techniques in an angiography
suite. This is adequate for targeting regions of vessel
narrowing and deployment of treatment aimed at
restoring vessel patency. Conventional radiographic
techniques do not, however, permit the quantitative
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Fic 1. An XMR suite coupling an MR imaging scanner (back-
ground) with a catheterization lab (foreground). The patient lies
on a floating tabletop that moves between the two systems on a
continuous track. Magnetic isocenter and the conventional ra-
diographic imaging position are separated by 6 m, and patients
can be transferred between these two stations in less than 1
minute.

evaluation of arterial flow, tissue perfusion, or acute
ischemic events. MR imaging offers these capabilities
as well as being able to produce high-quality contrast-
enhanced angiograms via a simple intravenous injec-
tion of contrast material. MR angiograms are increas-
ingly being used to screen patients suspected of
having vascular disease before cerebral digital sub-
traction angiography. MR imaging also permits quan-
tification of flow changes, assessment of downstream
tissue perfusion, and direct visualization of soft-tissue
properties relevant to the treatment.

In this study, we assessed patients undergoing
carotid artery stent placement for treatment of a
stenosis of the cervical internal carotid artery. MR
imaging was performed immediately before and
immediately after stent placement under conven-
tional radiographic guidance. MR-measurable
physiologic changes resulting from stent placement
were evaluated.

Patients and Techniques

All imaging was performed in a combined MR-
conventional radiography (XMR) suite consisting of a
short-bore 1.5T MR scanner (Philips Intera; Best, the
Netherlands) and an integrated conventional radio-
graphic catheterization laboratory (Philip Integris
V5000). The two units were connected via a floating
tabletop, permitting rapid patient transfer between
the two systems (Fig 1). The MR imaging system was
equipped with gradients capable of 30 mT/m ampli-
tudes and 150 mT/m/ms slew rates and featured an
in-room operator’s console. A phased-array head/
neck coil or a phased-array head-only coil was used
for all patients. Because of coverage limitations, the
latter was chosen only when prior imaging studies
definitively demonstrated the lesion to be in the distal
portion of the cervical internal carotid artery. The
radio-frequency (RF) coil was removed following MR
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imaging and the patient was transported between the
MR and conventional radiographic systems in a float-
ing fashion via the MR tabletop. The radiographic
system was single plane with a 15-inch image intensi-
fier and was capable of 3D rotational angiography
(3DRA).

Patients

Twelve patients scheduled to undergo placement of a stent
as treatment for significant narrowing (>70%) of the internal
carotid artery were studied. A complete neurologic history was
obtained before treatment, and all patients signed an informed
consent form that was approved by the university’s committee
on human research. Six patients were experiencing symptoms
thought to be related to the ICA narrowing at the time of
treatment. Four patients had experienced a stroke at some
point in their past, but not within a 3-month period before stent
placement. The catheterization procedure was performed un-
der conscious sedation, whereas the MR examinations were
performed immediately before and after the establishment of
conscious sedation. Supplemental oxygen was administered
during the catheterization procedure, but not during MR ac-
quisitions. Patients ranged in age from 47 to 86 years (mean
age, 65 years) and included six men and six women.

MR Acquisitions

MR imaging was performed immediately before and after
endovascular treatment. MR acquisitions included contrast-
enhanced MR angiography (CE-MRA; TR/TE/flip angle, 5
ms/1.65 ms/30°; FOV, 24 cm; rectangular FOV [rFOV], 70%;
matrix, 320 X 240; sections, 70—0.75 mm; coronal plane; ac-
quisition time, 36 seconds), diffusion-weighted imaging (TR/
TE/flip angle, 3749 ms/81 ms/90°; epi factor, 77; b-value, 1000
s/mm~; FOV, 24 cm; matrix, 128 X 77; sections, 24-5 mm;
number of signal intensity averages [NSA], 3; axial plane;
acquisition time, 48 seconds), postcontrast turbo—fluid-attenu-
ated inversion recovery (FLAIR; TR/TE/TT/flip angle, 11000
ms/140 ms/2800 ms/90°; turbo factor, 47; FOV, 22 cm; rFOV,
75%; matrix, 256 X 179; sections, 30—5 mm; NSA, 2; axial
plane; acquisition time, 3 minutes 18 seconds), phase contrast
quantitative flow (Qflow; TR/TE/flip angle, 13 ms/7.9 ms/15°;
FOV, 15 cm; rFOV, 70%; matrix, 128 X 128; sections, 1-5 mm;
maximum velocity, 100 cm/s; number of heart phases, 15; NSA,
2; oblique plane; acquisition time, ~2.5 minutes, cardiac gated)
and T2* perfusion (Perf; TR/TE/flip angle, 2000 ms/50 ms/90°;
epi factor, 89; FOV, 24 cm; matrix, 128 X 89; sections, 12-5
mm; number of dynamics, 60; axial plane; acquisition time, 2
minutes 6 seconds). When the phased-array head coil was used,
a SENSE factor of two was employed for CE-MRA, permitting
90 0.6-mm sections in 30 seconds (rFOV, 85%).

T1-shortening gadolinium-based contrast (Omniscan; Am-
ersham Health, Princeton, NJ) for MR angiograms was admin-
istered at 2 mL/s to a total dose of 0.2 mmol/kg and was
followed by a 15 mL saline push also at 2 mL/s. A fluoroscopic
acquisition was used to trigger the start of the angiographic
sequence following opacification of the proximal carotid arter-
ies. DW imaging data were visually compared both pre- and
poststent placement to determine whether any focal ischemic
sequela occurred. Postcontrast turbo-FLAIR imaging was used
to assess for possible subclinical ischemia and to detect any
changes following stent treatment. Flow was quantified in both
internal carotid arteries, as well as the vertebral or basilar
arteries of the posterior cerebral circulation. A scan plane was
selected just inferior or superior to the stenosis and was
obliqued to be approximately perpendicular to the vessels.
Because the Qflow measurement would be repeated following
stent placement, the level was selected to be just outside the
anticipated location of the stent and in a region of minimal
vessel tortuosity. Perfusion data were fit to a standard gamma
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TABLE 1: Patient summaries

Stenosis TFLR
Patient Age Severity = Symptomatic Enhancement
1 49 99 Yes Strong
2 86 99 No No
3 47 92 Yes Slight
4 62 99 Yes Slight
5 51 80 Yes Slight
6 65 80 No Strong
7 78 78 No No
8 80 70 Yes Strong
9 68 91 No No
10 52 90 No Strong
11 68 82 No Slight
12 76 95 Yes Slight

variate function, and the following parameters were extracted:
relative cerebral blood volume (rCBV), mean transit time
(MTT), time to arrival (T0), and time to peak (TTP). Gado-
linium-based contrast (Omniscan) was administered at 4 mL/s
to a dose of 0.2 mmol/kg and was followed by a 15-mL saline
push also at 4 mL/s. The dynamics were set up to allow ap-
proximately 30 seconds of baseline imaging (no contrast) be-
fore the arrival of contrast and another 90 seconds of imaging
following bolus arrival.

Angiography and Stent Placement Technique

Vascular access was obtained via a conventional femoral
artery puncture, and preliminary diagnostic angiograms were
performed in both carotid arteries and the dominant vertebral
artery where appropriate. On the basis of these preliminary
findings, the vessel to be treated was identified and the percent
stenosis was determined by hand measurements. A targeted
rotational angiogram was subsequently performed in the vessel
to be treated. 3DRA was achieved via continuous conventional
radiographic exposure and contrast (Omnipaque; Amersham
Health) injection during a 180° sweep of the C-stand. A total of
120 projection images were acquired during this sweep, which
takes 6 seconds. These data were reconstructed into a 3D
volume and analyzed on an off-line workstation (Philips 3DRA
Workstation). Stent placement was then performed following a
previously defined technique (5). In this study, all patients
received a nitinol self-expanding stent (Smart Stent or Precise
Stent; Cordis Endovascular, Miami Lakes, FL). In 2/12 pa-
tients, the stent was deployed with a distal protection device in
place (PercuSurge GuardWire; Medtronic, Santa Rosa, CA).

Results

All procedures were technical successes, and the
stents were placed in the left carotid artery in five
patients, the right carotid in six patients, and bilater-
ally in one patient (total, 13 stents). Stents were
placed in arterial stenoses that were occluded be-
tween 70% and 99% of the normal lumen (mean,
88%) based on the North American Symptomatic
Carotid Endarterectomy Trial criteria (1). Patient de-
mographics are summarized in Table 1. All patients
tolerated the procedure well, and no complications
were noted in this cohort.

In all cases, the preliminary MR angiogram exhib-
ited all relevant features of the internal carotid artery.
Because of artifact following stent placement, post-
treatment CE-MRA was performed in only one pa-
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Fic 2. A very high-grade stenosis of the ICA depicted via
3DRA (A). Tight stenoses such as this could not be directly
depicted with CE-MRA, although the presence of downstream
contrast and measurable flow provide evidence of residual pa-
tency. B, Magnitude (top) and phase (bottom) MR images dem-
onstrating the ICA (arrows) just distal to the stenosis, where the
phase image reveals small, but nonzero, flow.

tient. Projection angiograms were obtained of all per-
tinent vessels, and these data were used for
establishing percent stenosis and as roadmaps for
stent delivery. Unlike conventional projection radio-
graphic angiography, rotational reconstructions of the
radiographic data had the benefit of producing volu-
metric data sets (similar to MR imaging) from which
measurements could be made directly and manipu-
lated in order to view in arbitrary orientations. This
came at the expense of temporal information because
of the 6-second rotation of the C-arm and with some
penalty in the ability to delineate small vessels in the
reconstructed data.

MR imaging was used to monitor flow changes (Fig
2), and this was successfully accomplished in all ves-
sels before and following treatment. In 9/12 patients,
it was possible to angulate a section to be essentially
perpendicular to all vessels and thus accomplish flow
analysis in one acquisition (Fig 3). In the remaining
three patients, multiple Qflow acquisitions at varying
scan plane obliquities were necessary to measure flow
in both internal carotid arteries and the vertebral/
basilar artery. Table 2 summarizes the changes in the
stented internal carotid artery and compares these to
other untreated vessels. The ipsilateral ICA category
includes 13 vessels, whereas the contralateral ICA
category contains only 11 vessels because one patient
received bilateral stents. The listed error bars repre-
sent the standard deviation of measured blood flow
across patients. A marked increase in blood flow in
the stented vessel was present, which was most pro-
nounced in highly stenotic and narrowed vessels. Ves-
sels with a 95% or greater stenosis showed ipsilateral
flow increases of +3.0 = 1.0 mL/s (n = 4), whereas
stenoses between 70% and 80% produced a flow rate
increase of +1.2 = 1.0 mL/s (n = 4). It is interesting
to note that the contralateral and posterior cerebral
circulation did not change significantly following
placement of the stent. This implies cumulative flow
has increased and that it may take a period of time to
renormalize flow to the brain following vessel
recanalization.
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Fic 3. Measurement of flow changes
within neck arteries is demonstrated. A,
Section positioning (line) was performed
on CE-MRA data such that the section
was approximately perpendicular to the
vessels and just distal or proximal to the
stenosis (arrow). Qflow measurements
were then performed at this site immedi-
ately before (B) and following (C) stent
placement. Shown are the magnitude (/eft)
and phase (right) images demonstrating
the reproducibility of the scan plane and
the increase in flow in the stented artery
(arrows).

TABLE 2: Flow changes prior to and immediately following stent placement
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Vessel Flow — pre (mL/s) Flow — post (mL/s) Flow (mL/s)
Ipsilateral ICA 25+x12 47+x14 +22+12
Contralateral ICA 4.7 *+2.0 49 *2.1 +02+0.8
Posterior circulation 33+1.0 38+ 1.6 +0.3 =09

Perfusion imaging failed to demonstrate focal re-
gions of ischemia before stent placement in any of the
patients in this study. In some cases, there were de-
monstrable differences in the timing maps of the
ipsilateral hemisphere when compared with the con-
tralateral hemisphere. These hemispheric differences
typically resolved or even inverted following stent
treatment (Fig 4). In addition, there were no new
focal perfusion defects evident on the rCBV maps
following stent placement. To assess global hemi-
spheric changes over this patient population, we se-
lected a section just superior to the lateral ventricles

and compared the perfusion properties of each hemi-
sphere before and after stent placement. This was
accomplished by placing a region of interest over the
entire hemisphere and averaging across all pixels
within the region of interest. Table 3 summarizes
these findings and demonstrates the relatively poor
sensitivity of the technique to assess relatively subtle
perfusion changes. A small bilateral increase in rCBV
(+6%) following stent placement was noted, but this
is much smaller than the variability we saw between
the two measures (20% SD). Hemispheric differences
in rCBV, pre- or poststent, similarly did not demon-
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TABLE 3: Perfusion changes following stent placement
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Fic 4. rCBV (left column) and TTP
(right column) images obtained immedi-
ately before (top row) and following (bot-
tom row) placement of a stent in the
patient’s left carotid artery. Initially the
ipsilateral hemisphere exhibited delayed
arrival times, but this reversed following
treatment. The patient’s contralateral ICA
was also somewhat stenotic, and this may
be responsible for the inversion following
stent placement.

Hemisphere CBV TO TTP
Ipsilateral +6% * 20% -14=*11s +1.0 £ 1.1s -1.1*15s
Contralateral +6% * 17% —0.6 £14s +04+12s -03*x19s

strate substantial or consistent differences in this sub-
ject group. The timing maps were somewhat more
interesting, although none of the differences achieved
statistical significance within this small sample group.
A trend toward a slight shortening of the MTT and
TTP in the ipsilateral hemisphere following stent
placement was noted. This effect was less evident in
the contralateral hemisphere, but again the variability
across subjects was quite high.

The pre- and poststent diffusion images did not
reveal any substantial differences. None of the pa-
tients had experienced a recent stroke before treat-
ment and no clinically evident posttreatment ischemic
complications were reported. The early time of these
diffusion images, which were typically taken within 30
minutes of stent placement, may also hinder the de-
tection of fresh focal ischemia resulting from dis-
lodged emboli. Although no clinical evidence of such
effects was noted, it remains possible that silent isch-
emia may have occurred without detection. Postcon-
trast turbo-FLAIR demonstrated high signal intensity
within the ipsilateral CSF in portions of cerebral sulci

in 75% of patients (Fig 5). This hyperintensity was in
the CSF space of the ipsilateral cerebral sulci. It
extended over the convexities of the ipsilateral hemi-
sphere and included, but extended beyond, the wa-
tershed territory. This enhancement was evident only
on posttreatment acquisitions and even appeared in
one patient’s poststent turbo-FLAIR acquisition that
was accidentally run before the fresh administration
of contrast. The implications of this assymmetry are
currently not well understood and may arise either
from leakage of the contrast agent (6) or possibly a
change in the partial pressure of oxygen following
recanalization (7).

Discussion

MR angiography consistently provided an accurate
depiction of the location and extent of luminal nar-
rowing of the internal carotid artery when compared
with subsequent conventional radiographic angio-
grams. It is of some concern, however, that MR im-
aging techniques were less able to screen patients
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Fic 5. Turbo-FLAIR imaging performed
before treatment (left) and immediately fol-
lowing (right) placement of a stent in the left
carotid artery. Following treatment, sub-
stantial enhancement of the CSF is evident
but spatially limited to the ipsilateral hemi-
sphere. The pretreatment turbo-FLAIR was
performed shortly after the administration of
contrast but did not exhibit CSF enhance-
ment.

following stent placement because of stent-related
artifacts. Stents can produce artifacts in MR images
due to either incompatibility of the magnetic suscep-
tibility of the stent alloy or shielding of the RF energy
emitted by the scanner (8). A nitinol-based stent was
selected because of its MR imaging safety resulting
from its relatively low magnetic susceptibility (9). RF
attenuation within these carotid stents, however, re-
mained problematic. It has previously been shown
that the ability to visualize the lumen of even nitinol
stents can vary widely (10, 11). It may be possible to
improve visibility within the stent lumen by increasing
the flip angle in the MRA protocol (12), but this is at
the expense of signal intensity and contrast every-
where else in the imaging volume. A more appropri-
ate solution is to alter the design of stents such that
RF energy can more easily penetrate the device (13).
This must be achieved, however, without compromis-
ing the structural properties of the stent, and doing so
remains challenging with metallic alloys. The relative
translucency of some stents in Maintz et al’s (10) and
Lenhart et al’s (12) studies, however, does provide hope.

The demonstrated increase in blood flow following
recanalization of a severely narrowed carotid artery
seemed reasonable and also correlated with the se-
verity of the stenosis before stent placement. It is
perhaps more interesting to note that there was not
an immediate reduction in flow in either the con-
tralateral ICA or posterior circulation following stent
placement. This implies that, at least in treated ves-
sels with substantially flow-limiting stenoses, cumula-
tive flow to the brain increases immediately following
stent placement. In this study, we were not able to
temporally monitor the patients over the following
days to establish whether and when a redistribution of
flow within the extracranial vessels would occur. In
light of the fact that these patients were not exhibiting
severe ischemia at the time of treatment, it would
seem logical to expect that such a normalization of
flow eventually would occur.

Monitoring perfusion changes with the existing first
pass bolus techniques provided little insight into what,
if any, changes where taking place in the perfusion
bed. These MR perfusion techniques have shown the
most promise in situations such as acute ischemic
stroke, where severe ischemia may be present. It
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proved very difficult to demonstrate hemispheric dif-
ferences in relative cerebral blood volume before
treatment or a perceptible change in rCBV following
treatment and recanalization. These findings are in
agreement with a recently published study in a similar
patient group (14). Because our patients were not
exhibiting severe ischemia at the time of treatment, it
can reasonably be suspected that any compromise in
brain perfusion before stent placement would be sub-
tle. Accordingly, we are not able to determine
whether substantial perfusion changes following stent
placement occurred or whether the technique simply
lacks the sensitivity to detect the changes. Arterial
spin labeling (15), which can quantify perfusion in
mL/100 g/min may offer more hope. These tech-
niques are currently being investigated; however, the
use of spin labeling precludes any periprocedural use
of MR imaging contrast material as this significantly
alters the MR imaging properties of the blood for a
prolonged period.

Diffusion-weighted images were routinely acquired
primarily to determine whether hyperacute distal
ischemia (16) could be detected. Our images showed
no substantial changes between the pre- and poststent
imaging sessions, and no clinically evident periproce-
dural strokes were reported in our patient cohort.
Subclinical strokes associated with microemboli were
also not detected, either because they did not exist or
due to a lack of sensitivity of the diffusion images at
this time scale. The hyperintensity of CSF on turbo-
FLAIR acquisitions is somewhat more intriguing.
This phenomenon was seen only on the ipsilateral
hemisphere following stent placement and was pri-
marily limited to the cortical convexities. The volume
of conventional radiographic contrast did not corre-
late with the appearance of this pattern, because
patients who did not demonstrate hyperintensity re-
ceived similar radiographic contrast volumes (93 = 38
mls administered ipsilaterally; 40 = 6 mls to con-
tralateral and posterior vessels) to those with slight
(94 = 27 mls administered ipsilaterally; 55 = 10 mls
to contralateral and posterior vessels) or strong en-
hancement (90 * 36 mls administered ipsilaterally;
30 = 2 mls to contralateral and posterior vessels). The
treated artery, however, clearly does receive a sub-
stantially higher volume of radiographic contrast me-
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dia. It remains possible, therefore, that a patient’s
preexisting vascular state made them susceptible to
transient blood-brain barrier disruption during con-
trast administration. Leakage of residual gadolinium-
based contrast from the preprocedural MR imaging
study could then account for the CSF hyperintensity
and provide some indication of the spatial distribu-
tion of the blood-brain barrier disruption.

Similar hyperintensity on turbo-FLAIR has been
noted in patients undergoing balloon test occlusions
of the carotid artery. Michel et al’s study (6, pg 1590)
attributed this hyperintensity to “pial or subarachnoid
contrast staining in areas of altered perfusion without
abnormalities on diffusion-weighted images.” Al-
though local leakage of contrast may be the cause of
this phenomenon, it is also possible that changes in
CSF oxygen tension might produce this effect. Hyper-
intensity of CSF has been noted on turbo-FLAIR
images in patients breathing 100% oxygen, an effect
that likely arises from altered CSF T1 (7). Although
patients were not receiving supplemental oxygen dur-
ing MR examinations, the altered blood flow pattern
to the brain that was noted in this study could simi-
larly have an effect on oxygen tension and produce a
comparable result. This issue remains under active
investigation.

Conclusion

MR imaging evaluation of carotid stent treatment
demonstrated a significant increase in flow within the
affected vessel, and this was most pronounced in
highly stenotic vessels (>90%). Flow within the con-
tralateral ICA and posterior circulation was not
found to change substantially immediately following
stent placement. First-pass bolus perfusion tech-
niques demonstrated modest differences in contrast
dynamics but could not demonstrate what perfusion
changes, if any, occurred in the brain tissue. Similarly,
the null result on diffusion imaging was consistent
with no known embolic complications during stent
deployment. The implications of ipsilateral enhance-
ment on postcontrast turbo-FLAIR are currently un-
der investigation.
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