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Ischemia after Carotid Endarterectomy: Comparison
between Transcranial Doppler Sonography and

Diffusion-Weighted MR Imaging

Martin Müller, Werner Reiche, Philipp Langenscheidt, Jens Haßfeld, and Thomas Hagen

BACKGROUND AND PURPOSE: Hyperintense signals on diffusion-weighted MR images
(DWIs) are believed to correspond accurately with cerebral ischemic events. Intraoperative
transcranial Doppler sonography (TCD) can reveal hemodynamic and embolic events during
carotid endarterectomy (CEA). Our purpose was to determine whether the occurrence of hy-
perintense signals on postoperative DWIs corresponds to intraoperative embolic or hemody-
namic events.

METHODS: Seventy-seven CEAs were monitored intraoperatively with TCD to record blood
flow velocity changes after cross clamping to ascertain the presence of adequate collateral flow
and to record microembolic signals. DWI was used to classify the hemisphere ipsilateral to the
CEA by type: 0, no lesions (n 5 51); I, cortical lesions only (n 5 2); II, subcortical white
matter lesions only (n 5 6); III, mixed type with cortical and subcortical lesions (n 5 11); IV,
large territorial infarcts (n 5 6); and V, other types of lesions (n 5 1).

RESULTS: Neither the five clinical events (one transient ischemic attack, two minor strokes,
and two major strokes) nor any DWI type (I–V) showed a relationship to blood velocity de-
creases after cross clamping or, in patients who were selectively shunted, to total ischemic time
necessary for shunt insertion and removal. Total microembolic signal count was significantly
higher in the five CEAs with clinical events than in those without. It was also higher on the
DWIs showing a hyperintense lesion as compared with DWIs showing no lesion.

CONCLUSION: Apart from lesions corresponding to clinical deficits, CEA is associated with
a substantial number of small areas of brain tissue at risk for irreversible ischemia. The main
cause of intraoperative stroke seems to be embolism, suggesting that microembolic signals in
CEA are highly relevant events for brain tissue.

When performed appropriately, carotid endarterec-
tomy (CEA) should have a perioperative morbidity
and mortality of less than 7.0% in symptomatic ste-
nosis (1, 2) and less than 3% in asymptomatic ste-
nosis (3). Whether the procedure should include
shunting to avoid cerebral ischemia during cross
clamping is still under discussion, as reports of suc-
cessful shunting are balanced by large series in
which no shunting was used (4–8). Recent studies
of CEA in which transcranial Doppler sonography
(TCD) was used intraoperatively to detect mi-
croembolic signals have revealed a high prevalence
of such signals but a low rate of perioperative clin-
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ical stroke (9–11), leading to the presumption that
microemboli are of no or of only minor relevance
(12). With the routine application of cranial MR
imaging postoperatively, it has become obvious
that new postoperative brain lesions occur but can
remain clinically silent (9, 13). Diffusion-weighted
MR imaging (DWI) in cerebral ischemia is sensi-
tive for the detection of stroke-related hyperintense
lesions. It is a matter of debate whether hyperin-
tense signals seen after cerebral ischemia corre-
spond exclusively to infarcted brain tissue or
whether they may also indicate reversible ischemic
tissue, in which the neurons are intact; such lesions
may not be associated with clinical symptoms (14–
16). On the other hand, there is evidence that the
volume of a DWI hyperintense lesion (17–19) and
the size of the embolic material (20, 21) are sug-
gestive of the severity of clinical symptoms. We
analyzed the frequency of hyperintense brain le-
sions on postoperatively performed DWI in pa-
tients who had undergone CEA to address two
issues: first, to ascertain the relevance of intraoper-
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FIG 1. The TCD device provides two sample volumes for in-
sonation of the MCA. An embolus streaming down the MCA will
be recorded first in the proximal sample volume (depth of inso-
nation, 57 mm [D57]) and with a time delay in the distal sample
volume (depth of insonation, 52 mm [D52]). Next to the color-
coded decibel scale, the Doppler velocity spectrum after fast
Fourier transformation (FFT) of each sample volume is shown.
The blood flow direction in both sample volumes is indicated in
the proximal sample volume beneath D57 by an arrow directed
toward the probe symbol ([), which means that the velocity spec-
trum of the blood flow in the MCA usually directed toward the
probe is imaged above the zero line; the background velocity
spectrum can be seen more clearly in the distal sample volume
as a band with a signal intensity of 9 to 15 dB (colored slightly
blue to green). The signal of the embolus after FFT is overload-
ed, as indicated by its bidirectional appearance.

ative microembolic signals to brain tissue, and sec-
ond, to determine whether this analysis can con-
tribute to the controversial discussion as to whether
a shunt should be routinely used in CEA.

Methods
Seventy-six consecutive patients (63 men and 13 women;

mean age, 64 6 8 years) underwent a total of 77 CEAs per-
formed under normotensive, normocapnic, general anesthesia.
Preoperatively, 40 stenoses were asymptomatic and 37 were
symptomatic (three transient ischemic attacks [TIAs], 25 minor
strokes, one major stroke, and eight episodes of amaurosis fu-
gax). The mean degree of stenosis was 78% 6 15% according
to the NASCET method (1). The contralateral ICA was normal
or showed a stenosis of less than 50% in 51 cases, a moderate
stenosis (.50% to ,70%) in five cases, a severe stenosis
(.70%) in 12 cases, and an occlusion in 12 cases. The mean
time delay between symptoms and CEA was 5 weeks (range,
2 weeks to 6 months). Before CEA, the symptomatic patients
received either acetylsalicylic acid or heparin intravenously.
All patients had routine cranial CT examinations preoperative-
ly. Preoperative DWI studies were performed only in some
patients at the time of the clinical event if the CT scan had
shown no corresponding brain lesion.

All patients were monitored by TCD intraoperatively with
the machine set at previously published standard technical set-
tings (Multi DopX4, DWL, Sipplingen, Germany; 2-MHz
probe) (11, 22) for two purposes: first, to suggest (selective)
shunting when the mean blood velocity in the middle cerebral
artery (MCA) ipsilateral to the CEA fell, after cross clamping,
below 70% of the level prior to clamping; and second, to detect
microembolic signals during the period from skin incision to
wound closure (Fig 1). In each CEA, the TCD recordings were
saved on a digital audiotape (DAT) recorder for postoperative
playback and analysis.

Microembolic signals are transient high-intensity signals
that are usually unidirectional within the velocity spectrum,
have a duration of less than 0.3 seconds, an intensity of more
than 4 dB above the background velocity spectrum, and are
accompanied by a characteristic chirping sound (23). When the
signal intensity exceeds the decibel range of the Doppler in-
strument, a microembolic signal is ‘‘overloaded’’ and appears
bidirectional. Such overloaded signals frequently occur after
reclamping (10, 11).

To measure inter-rater agreement in detecting microembolic
signals, we used the method suggested by Markus et al (24),
which estimates the probability at which a second observer
will record an abnormality if the first observer records such an
abnormality. One observer played the DATs of five randomly
selected CEA procedures and identified a total of 66 time
points at which either an embolic signal or an artifact was
recorded. Two other observers independently analyzed these
time points and stated whether there was an artifact or an em-
bolic signal.

The patients were examined postoperatively by a neurologist
within 6 hours after CEA, and thereafter daily until discharge.
A new postoperative neurologic deficit was considered a TIA
when it lasted less than 24 hours, a stroke when it lasted longer
than 24 hours. In the immediate postoperative period, blood
pressure was kept below 170/85 mm Hg by using intravenous
nitrates when necessary. The postoperative DWI studies were
performed on day 2 or 3 after CEA. Thereafter, follow-up DWI
studies were not performed. Informed consent was obtained
for all examinations performed (CT, DWI, intraoperative TCD,
and postoperative DWI).

MR imaging was performed on a 1.5-T whole-body unit. A
standard circularly polarized head coil was used for radio fre-
quency transmission and detection. In all patients, a T2-
weighted turbo spin-echo sequence was performed for routine

imaging (TR/TE/excitations 5 4000/99/3; turbofactor 5 11).
For DWI, a highly diffusion-weighted single-shot echo-planar
spin-echo sequence was applied. The machine has a resonant
gradient set operating at 1000 Hz with a maximum gradient
strength in the x-, y-, or z-direction of 25 mT/m and a gradient
rise time of 250 ms. A diffusion gradient with a sensitivity (b
value) of 1100 s/mm2 was applied in the slice direction. The
DWI sequence parameters were adjusted to cover the whole
brain: TEeff 5 123, section thickness 5 5 mm with no gap,
number of sections 5 25, matrix 5 12 3 128, field of view
5 240 mm, and acquisition time 5 4 seconds. DWI was per-
formed in the transverse, coronal, and sagittal planes. In highly
diffusion-weighted images, all tissues and CSF have a low sig-
nal, and early ischemic lesions can be identified as areas of
hyperintense signal. The high contrast allows a clear delinea-
tion of the lesions with good reader reproducibility (17).
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FIG 2. A–D, Pre- and postoperative T2-
weighted images (A and C) and DWIs (B
and D) of a patient in whom a territorial
infarct was present on the postoperative
images. The small white matter lesions on
the preoperative T2-weighted (4000/99/3)
image (A) are not present on the preop-
erative DWI (B) (episequence; 123/1 [TE/
excitations]). The corresponding postop-
erative T2-weighted image (C) and DWI
(D) show a medium-sized territorial infarct
on the left side, and a small new lesion in
the head of the caudate nucleus on the
right side. This patient underwent surgery
for a tight left-sided stenosis associated
with occlusion of the contralateral internal
carotid artery.

In our series, two neuroradiologists independently analyzed
the 77 DWIs (Figs 2-5). Neither was aware of the patients’
vascular state or clinical outcome or of the results of the in-
traoperative TCD monitoring. With respect to common patho-
physiologic concepts of the origin of stroke (embolic: territo-
rial and small cortical infarctions; hemodynamic: watershed
zones in the subcortical white matter), the findings on the
DWIs were classified into the following types: 0, no new le-
sion; I, presence of cortical lesion(s) only (Figs 3B and 5C and
D); II, presence of subcortical white matter lesion(s) only; III,
mixed type with presence of both cortical and subcortical le-
sions (Fig 4B); IV, presence of large territorial infarctions (with
or without accompanying small cortical or subcortical lesions;
Figs 2D and 3D); and V, presence of other lesion types.

Statistical Analysis

The number of microembolic signals is given as the median
and the interquartile range. The nonparametric Kruskal-Wallis
test and the Mann-Whitney U test were used to compare
groups with respect to microembolic signal count. A x2-test
was used to compare frequencies of clinical events and hyper-
intense lesions.

Results

Observer Agreement
Concerning reader reproducibility of TCD sig-

nals at the defined time points, the combined prob-

ability of observers 2 and 3 for identifying the ar-
tifacts or microembolic signals distinguished by
observer 1 was 0.97 and 0.87, respectively, indi-
cating good agreement.

Concerning reproducibility between the two neu-
roradiologists, both observers found one or more
new lesions in the hemisphere ipsilateral to the
CEA on 26 (34%) of the 77 DWIs. Each observer
identified one new lesion that the other did not find.
Thus, agreement between the two neuroradiologists
as to the occurrence of a new lesion was excellent
(chance-corrected k value, .94) (25). Each observer
detected 42 hyperintense lesions. Observer 1 clas-
sified 13 of the 42 hyperintense lesions as cortical,
22 as subcortical, five as large territorial, and two
as other type (small hyperintense zone around an
old infarcted brain tissue). Observer 2 classified 16
of the 42 lesions as cortical, 19 as subcortical, six
as large territorial, and one as other type. Apart
from territorial lesions, most of the hyperintense
signals were as small as those shown in Figures 3B
and 4B. Surprisingly, there was no new lesion in
the area of the basal ganglia.

Regarding the classification of each scan as to
the five types of lesion distribution, the number of
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FIG 3. A–C, Pre- and postoperative images of a patient who had had an episode of amaurosis fugax. The preoperative DWI (A) shows
no signal abnormality. The postoperative DWI (B) shows a small cortical lesion in the distribution of the posterior branches of the MCA;
on the postoperative T2-weighted image (C), this lesion (arrow) can be seen only in light of the findings on the DWI.

FIG 4. A–D, Pre- and postoperative im-
ages of a patient who underwent carotid
endarterectomy 14 days after the clinical
event. The preoperative T2-weighted (A)
and DWI (B) studies show four small cor-
tical lesions and one subcortical lesion (ar-
row, B). The cortical lesions cannot be de-
tected on the corresponding postoperative
DWI (D). The subcortical lesion is still
present, but there is a new, smaller terri-
torial infarction nearby as shown on the
T2-weighted (C) and DWI (D) studies.
These findings may suggest that cortical
lesions disappear sooner than subcortical
lesions, probably because of the better col-
lateral blood flow in cortical regions as
compared with subcortical regions.
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FIG 5. A–C, Preoperative CT scan (A) of a patient with an asymptomatic tight stenosis of the right internal carotid artery. In the right
parasagittal area, the slight leukoencephalopathy is one aspect of the coincident microvascular disease, which is more clearly present
on the other CT sections (not shown). Postoperatively, an infarct in the right precentral gyrus is seen on the axial T2-weighted (B) and
DWI (C) studies.

agreements/disagreements between the two observ-
ers was as follows: in type 0, 50/2; in type I, 1/0;
in type II, 3/7; in type III, 6/2; in type IV, 5/0, and
in type V, 1/1, resulting in an overall chance-cor-
rected k value of .73 (indicating good agreement).
The observers reanalyzed the DWIs in which there
was disagreement and reached a final decision by
consensus. Thus, the hemispheres ipsilateral to the
CEA were ultimately classified as follows: type 0,
n 5 51; type I, n 5 2; type II, n 5 6; type III, n
5 11; type IV, n 5 6; and type V, n 5 1.

In the hemispheres contralateral to the CEA,
both observers agreed that there were no lesions
except in two cases (in one, in the territory of the
anterior cerebral artery, and, in the second, a few
lesions in the territory of the MCA). In both these
patients the new lesions remained clinically silent,
and each was treated surgically for a tight stenosis
associated with occlusion of the contralateral inter-
nal carotid artery. Because we did not monitor the
contralateral MCA intraoperatively, the DWI re-
sults of the contralateral hemispheres are not in-
cluded in our analysis.

After the final DWI classification, the two ob-
servers compared the DWIs with the corresponding
T2-weighted images. In light of the DWI findings,
they agreed that all hyperintense lesions were also
present as abnormalities on the T2-weighted se-
quences (Fig 3C).

Clinical Events
All carotid arteries treated by endarterectomy

were patent and without restenosis or occlusion at
color-coded duplex examination 6 to 7 days after
CEA. In the few patients in whom DWI was per-
formed when the clinical event had occurred, the
postoperative DWI studies, except for the case de-
picted in Figure 4, showed no hyperintense signal
that was also hyperintense on their preoperative
images.

Clinically, there was one TIA, two minor strokes
(2.5%), and two major strokes (2.5%). All deficits
were present at the examination 6 hours after sur-
gery and affected the body side contralateral to the
CEA. Further deficits did not occur. The TIA was
associated with DWI type II (adequately allocated
subcortical lesion, clinically), each of the minor
strokes with type IV (presence of a larger territorial
lesion), one of the major strokes with type II, and
the other with type IV. Four clinical events (one
TIA and three strokes) occurred in the group of 58
CEAs in which a shunt was not used, one clinical
event (major stroke) occurred in the group of 19
CEAs in which shunting was used (no significant
difference by x2 analysis). The five patients in
whom a clinical event occurred had a significantly
higher total microembolic signal count (n 5 36;
range, 30–88) than did the postoperatively asymp-
tomatic patients (n 5 11; range, 5–24; P 5 .002).

DWI Type versus Microembolic Signals
Microembolic signals were present in all but

three CEAs. The total microembolic signal count
was significantly lower in DWI type 0 (n 5 9;
range, 4–17) as compared with all DWIs with a
hyperintense signal (n 5 26; range, 12–39; P ,
.001). The total microembolic signal count in DWI
type 0 was nine (range, 4–17); in I, 26 (range, 14–
39); in II, 36 (range, 22–69); in III, 15 (range, 6–
28); in IV, 33 (range, 25–38); and in type V, 9
(Kruskal-Wallis test: P , .005). When DWI types
I, III, and IV are considered as a group with all
lesions embolic in origin (combined total microem-
bolic signal count, 24; range, 10–38), this group
did not differ from DWI type II, and both groups
had significantly more microembolic signals than
did DWI type 0 (P , .005).

DWI Type versus Shunting or No Shunting
The patients in whom shunting was and was not

performed did not differ as to the total number of
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Types of hyperintense signal distribution on postoperative diffu-
sion-weighted images in patients who had endarterectomies per-
formed without and with shunting

DWI Type
CEA Without

Shunting (n 5 58)
CEA with

Shunting (n 5 19)

0
I
II
III
IV
V

40
0
2
9
6
1

11
2
4
2
0
0

DWI type indicates the classification scheme for hyperintense sig-
nals on diffusion-weighted MR images (see test for definitions); CEA,
carotid endarterectomy.

hyperintense lesions. The DWI type distribution in
the CEAs with and without shunting is reported in
the Table 1. Concerning the proportion of DWIs
containing hyperintense signals, no difference was
found between the CEAs with and without shunt-
ing. For the CEAs without shunting, in no DWI
type was the occurrence of a hyperintense signal
related to the duration of cross clamping. For the
procedures with shunting, the time needed for shunt
insertion and shunt removal was slightly but not
significantly longer (14 6 7 minutes) for the pa-
tients with any kind of hyperintense DWI signal
than for those without a hyperintense signal (9 6
3 minutes). In all CEAs with shunting, the total
microembolic signal count was significantly higher
(n 5 24; range, 11–39) than in CEAs without
shunting (n 5 10; range, 5–21; P 5 .01), and the
total microembolic signal count was higher (by
trend) in the shunted patients who had hyperintense
DWI signals (n 5 34; range, 15–76) than in the
shunted patients who had no hyperintense signals
(n 5 17; range, 6–33; P 5 .07).

Discussion
From a clinical viewpoint, CEA has proved to

be a safe procedure in preventing future strokes
(1–3), providing the perioperative rate of clinical-
ly relevant complications is low. When clinical
events are used to analyze the cause of intraoper-
ative stroke, a large number of patients has to be
studied, because, in many CEAs, microembolisms
occur that are not followed by a neurologic deficit,
a result leading to doubt about the relevance of
microembolic signals as a potential indicator of
intraoperative stroke. The increasing experience
with MR imaging and the advances made in its
technological development have shown that isch-
emic brain lesions corresponding to clinical syn-
dromes are detected by DWI with both high sen-
sitivity (up to 94%) and specificity (up to 100%)
(26–29). Thus, the presence of hyperintense sig-
nals on postoperative DWIs most probably indi-
cates new ischemic lesions. We therefore used
DWI to investigate the relevance of intraoperative

microemboli to cerebral ischemia in patients un-
dergoing CEA.

Our clinical results are within the range of re-
ported perioperative morbidity rates associated
with CEA (30, 31). The clinical viewpoint, how-
ever, seems only half the truth. The 33% rate of
new brain lesions that occurred in patients after
CEA is astonishingly high, and do confirm previ-
ous studies (9, 13). Pathophysiologically, our data
provide evidence that nearly all lesions arise from
an embolic origin, even if they appear to be he-
modynamic in origin. Therefore, microemboli in
CEA seem to be highly relevant events for brain
tissue, and the infarct type occurring in association
with CEA may not correspond to the mechanism
proposed by infarct topology (32).

There are several reasons why microemboli
cause no lesion or lesions that remain clinically
silent. First, there is evidence that stroke severity
correlates with DWI lesion size (17–19). As is
known from CT studies, even large brain infarcts
can remain clinically silent, which explains why
three of six territorial hyperintense lesions in our
patients remained silent. Second, stroke is asso-
ciated with lesion location. Among all small le-
sions in our series, only two were accompanied by
symptoms. Both were small subcortical lesions
and associated in one case with a TIA and in the
other with a major stroke. We therefore assume
that the small subcortical lesion causing the major
stroke represented an infarction in a strategic area.
For all the other small lesions, it is beyond the
scope of our study to state which part of the brain
tissue (glial cells or neurons) was affected by isch-
emic edema causing no or only a transient neu-
rologic deficit (with rapid functional or cellular re-
covery). Third, clinical deficit is associated with
the size of an embolus (20, 21). Since, in the ma-
jority of our patients, microembolic signals were
not accompanied by hyperintense signals on post-
operative DWIs, it is likely that the cerebrovas-
cular system is able to deal sufficiently with sud-
den arterial occlusions (eg, by thrombolysis of
small emboli) (20). If such mechanisms fail to
reestablish perfusion (eg, when large emboli are
present), ischemia with neurologic symptoms can
occur (21). Finally, the total number of microem-
bolic signals in each procedure may be relevant.
It has been reported (11) that the risk of a neu-
rologic deficit increases when more than 10 mi-
croembolic signals occur during a procedure. Re-
classifying our CEAs into those with a total
microembolic signal count of 10 or less (n 5 32)
and those with more than 10 (n 5 45) places the
relative risk at 2.75 (95% CI, 1.20–6.30) that a
new lesion will be present on postoperative DWIs
in the CEAs with more than 10 microembolic sig-
nals (five of 32 CEAs with less than 10 microem-
bolic signals versus 21 of 45 CEAs with more than
10 microembolic signals; x2-test, P 5 .004).

We found no significant difference between the
shunted and nonshunted patients in terms of the
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frequency of strokes and the frequency of hyper-
intense lesions. The number of clinical events in
our study was too small to allow conclusive results
regarding the clinical events; however, when hy-
perintense lesions are considered indicative of brain
tissue at risk for irreversible ischemia, then shunt-
ing does not prove to prevent brain ischemia during
CEA (hyperintense lesions in 31% of the nonshunt-
ed patients versus 42% of the shunted patients).
The pathophysiologic background of shunting
(namely, to prevent hemodynamically caused se-
vere ischemia while cross clamping) is counterbal-
anced by the increased number of microembolic
signals. Fifteen of 19 CEAs performed with shunt-
ing exhibited more than 10 microembolic signals,
whereas among the nonshunted CEAs, 28 of 58 had
more than 10 microembolic signals. The relative
risk that more than 10 microembolic signals will
occur when a shunt is used is 2.29 (95% CI, 0.92–
5.70; x2-test, P 5 .03).

Our study has limitations. On occasion, a hy-
perintense signal on DWI can remain hyperintense
for about 2 weeks (33), as shown in Figure 4 for
the subcortical lesion. This leads to the possibility
that some of our postoperative hyperintense sig-
nals may have persisted from the original clinical
event. Our clinical experience with DWI in stroke
patients (33) corresponds to that of Burdette et al
(26), who reported that hyperintense signals after
stroke remain stable for 5 days and decrease pro-
gressively during the following 10 days, and that
they usually disappear completely 14 days after
the clinical event, as demonstrated in the small
cortical lesions depicted in Figure 4. Although we
cannot say for sure, it seems unlikely that in our
symptomatic patients, in whom CEAs were per-
formed with a mean time delay of 5 weeks after
the clinical event, a signal would still be hyper-
intense. To have resolved such considerations, a
DWI study performed within a few days before
CEA would have been of help.

Conclusion
Our data suggest that, apart from lesions corre-

sponding to clinical deficits, CEA is accompanied
by a substantial number of small areas of brain tis-
sue at risk for irreversible ischemia. The main
cause of intraoperative stroke seems to be embo-
lism, even when the lesions appear to be hemody-
namic in origin. There is evidence that microem-
bolic signals are highly relevant events for brain
tissue. The proposed benefit of shunting (namely,
to prevent ischemia during cross clamping) seems
counterbalanced by an increased number of mi-
croembolic signals.
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