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Abstract

Background: Systematic need for angiography in diag-
nosis of carotid artery stenosis and indication of surgical
therapy is still debated. Noninvasive imaging techniques
such as MR angiography (MRA) or CT angiography (CTA)
offer an alternative to digital subtraction angiography
(DSA) and are increasingly used in clinical practice. In
this study, we present the radiological characteristics
and clinical results of a series of patients operated on the
basis of combined ultrasonography (US)/MRA. Meth-
ods: This observational study included all the patients
consecutively operated for a carotid stenosis in our De-
partment from October 1998 to December 2004. The ap-
plied MRA protocol had previously been established in
a large correlation study with DSA. DSA was used only
in case of discordance between US and MRA. The pre-
operative radiological information furnished by MRA
was compared with intraoperative findings. The out-
come of the operation was assessed according to ECST
criteria. Results: Among 327 patients, preoperative MRA
was performed in 278 (85%), DSA in 44 (13.5%) and CT
angiography in 5 (1.5%). Most of DSA studies were per-

formed as emergency for preparation of endovascular
therapy or for reasons other than carotid stenosis. Elev-
en additional DSA (3.3%) complemented US/MRA, most-
ly because diverging diagnosis of subocclusion of ICA.
No direct morbidity or intraoperative difficulty was re-
lated to preoperative MRA. Combined mortality/major
morbidity rate was 0.9% (3 patients) and minor morbid-
ity rate 5.5% (18 patients). Conclusions: This observa-
tional study describes a well-established practice of ca-
rotid surgery and supports the exclusive use of non-
invasive diagnostic imaging for indicating and deciding
the operation.

Copyright © 2006 S. Karger AG, Basel

Introduction

The decision to recommend carotid endarterectomy
(CEA) is based on the accurate determination of stenosis
degree in order to match prevailing indications from out-
come trials. The need for systematic digital subtraction
angiography (DSA) in the diagnosis of carotid stenosis
and indication of surgical therapy is still a matter of de-
bate [1-5]. This has been the case since the early develop-
ment of noninvasive diagnostic tools in the 80s when
some authors proposed to base the operation on ultraso-
nography (US) alone in selected cases [6—8]. The debate
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continued in the 90s with the advent of new vascular im-
aging methods such as MR angiography (MRA) and CT
angiography (CTA) [9-11]. MRA and CTA rose the pos-
sibility to confirm the results of ultrasound noninvasive-
ly and to avoid the risks of angiography. Numerous stud-
ies have compared the advantages of MRA and CTA with
golden standard DSA and assessed the reliability of non-
invasive diagnosis of carotid stenosis [12—-17]. In parallel,
other studies have reported significant deficits in the ac-
curacy of stenosis grading and the quality of surgical in-
dication when conventional DSA was skipped [1]. A deep
discrepancy seems to have developed between surgical
praxis which relies exclusively on noninvasive diagnosis
for the operation, and academic medicine which still rec-
ommends DSA as proven standard and warrant of qual-
ity. The proponents of CEA without DSA aim at reducing
the overall risks of the management of carotid stenosis,
which also include the risks of DSA. For those who rec-
ommend DSA routinely, the risks of exposing patients
with misclassified stenoses to potentially harmful surgical
complications are still high enough to justify invasive pre-
operative examinations. Two aspects have to be consid-
ered to resolve this contradiction. The first aspect is the
quest for still better noninvasive imaging methods able
to detect and grade carotid stenosis accurately without
DSA. With further developments of MRA and CTA tech-
nology, it can be expected that these methods will soon
equal the quality of golden standard DSA, particularly
when they are used in combination [18]. Taking the prob-
lem from the other end, the second aspect to be consid-
ered is the quality of surgery based on noninvasive diag-
nosis alone. There is a need for clinical outcome studies
of patients undergoing CEA without DSA. If the rate of
surgical complications can be kept low without DSA, the
risk taken by the few patients with misgraded stenosis will
also remain low, making the omission of DSA epidemio-
logically and ethically acceptable.

A fast first-pass contrast-enhanced 3-D MR angio-
graphic sequence was developed in 1996 in our Depart-
ment of Neuroradiology to image the precerebral arteries.
MRA of the carotid and vertebral arteries complemented
a newly designed noninvasive MR-based protocol for
stroke investigations. The method was applicable using a
1.5-tesla MR scanner. A preliminary comparison study
with DSA revealed a high potential for clinical reliability
[19]. The method was then established in a larger MRA/
DSA correlation study which included 120 patients with
different grades of carotid stenosis. The study showed a
highly significant correlation of MRA with DSA (r =
0.91). The overall sensitivity of MRA for the detection of
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carotid stenosis was 98%, the specificity 96%, the positive
predictive value 95%, and the negative predictive value
98% [20]. All internal carotid occlusions (n = 28) and
seven of nine pseudo-occlusions were accurately demon-
strated on MRA. Based on these excellent results and
systematic ultrasound studies [21, 22], we decided in Oc-
tober 1998 to stop systematic preoperative DSA and to
rely exclusively on MRA for the confirmation of US
screening and the indication of CEA. The present study
reports the surgical results and early clinical outcome of
the patients consecutively operated in our Department
during the last 6 years. It completes our neuroradiological
studies [19, 20] and aims at contributing to the establish-
ment of a purely noninvasive preoperative protocol for
patients having to undergo CEA.

Methods

Patient Selection

This observational cohort study included all the patients con-
secutively operated for a symptomatic or asymptomatic carotid
stenosis during the last 6 years in our Department of Neurosurgery.
Screening, diagnosis and grading of stenoses were based on Dop-
pler/Duplex US[21, 22]. Only the patients with a high-grade symp-
tomatic or asymptomatic stenosis (70-99% according to NASCET)
and those with an evidently symptomatic middle-grade stenosis
(50-69%) were considered for surgery [23-25]. No patient having
a low-grade stenosis (<50%) was selected for operation. Whenever
possible, confirmation of the sonographic results was performed
with first-pass contrast-enhanced 3-D MRA of the carotid bifurca-
tion according to the described protocol [19, 20]. Reasons for not
performing MR A were: patient refusal, claustrophobia, pacemaker,
previously performed DSA, or emergency DSA for thrombolysis
therapy or angioplasty/stenting. A few patients in whom MRA was
not feasible were examined noninvasively with CTA. As a rule,
DSA was performed only in patients with discordant noninvasive
results so that a clear recommendation for or against surgery was
not possible. Patients showing congruently an occlusion of the ICA
on US and MRA were excluded from the operation without per-
forming a confirmatory DSA. We thereby accepted the very small
risk of losing a few patients with suboccluded, potentially salvage-
able carotid arteries. All patients gave written informed consent for
the operation. The study protocol was examined and approved by
the ethical committee of our hospital. Patient data were stored in
a registry containing the complete clinical, sonographic, radiologic
and surgical information collected during the observation period.

Preoperative MR Angiographic Examination

The preoperative MR angiographic protocol has been described
in details [19, 20]. All MRA studies were performed with a 1.5-
tesla imaging system (Magneton Vision/Sonata, Siemens Medical
Systems). 3-D contrast-enhanced MRA was generated after intra-
venous bolus injection of 0.1 mmol/kg gadolinium (gadobutrolum,
Gadovist 1.0, Schering AG) using a fast acquisition sequence of
9-9.5s. The 3-D image set acquired during the arterial phase of the
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gadolinium circulation was identified visually and subtracted from
the precontrast data set, with elimination of disturbing background
fat signals. Postprocessing subvolumes were generated interactive-
ly using the MR postprocessing console to isolate each carotid ar-
tery and create 19 maximum-intensity projection images at 10°
rotational angles. Voxels of interest on magnified images were used
to facilitate determination of the arterial disease extent. All MRA
studies were performed routinely by the neuroradiological staff and
reviewed preoperatively by one of both senior authors (G.S. and
L.R)).

Different anatomical characteristics of the carotid bifurcation,
which are important to know before the operation, but not easily
visible on ultrasounds, were systematically studied and quantified
on the preoperative MRA images [26]. (1) The craniocaudal posi-
tion of the carotid bifurcation in the neck was determined by mea-
suring its distance to the horizontal portion of the vertebral artery
along the posterior arch of C; on strict anteroposterior MRA views
of the neck arteries. The position of the bifurcation was expressed
according to the corresponding cervical vertebral body. (2) A pos-
sible rotation of the carotid bifurcation with medial position of the
internal carotid artery (ICA) was evaluated on strict anteroposte-
rior MRA images. (3) The grade of stenosis was measured as de-
scribed [19, 20] according to the NASCET method [27] and ex-
pressed in 10% increments, a 50-69% stenosis being defined as
middle grade and a 70-99% stenosis as high grade. The results of
MRA were compared with those of US. (4) The length of the ste-
nosis was measured in millimeters and classified into 3 groups:
short (<10 mm), long (10-25 mm) and very long (>25 mm). (5) The
presence of ulcerations in the atherosclerotic plaques was suspected
in the form of caliber irregularities on the preoperative MRA im-
ages and correlated with the intraoperative findings. Plaques were
classified at macroscopic examination as smooth when the intima
was intact, and ulcerated when the intima was ruptured with or
without intramural thrombus. (6) The presence of a tandem steno-
sis was looked for proximally and distally from the carotid bifurca-
tion.

Carotid Endarterectomy

CEA was performed by two experienced neurosurgeons from
our Department. All the patients considered for surgery underwent
standard preoperative investigations including head CT or MRI,
cardiologic examinations, chest X-rays and conventional blood
tests [28, 29]. Platelet antiaggregation or oral anticoagulation were
continued perioperatively. The operation was performed with the
patient in general anesthesia. Neuroprotective measures included
moderate hypothermia (34-35°C) and propofol coma during cross-
clamping. Use of an intraoperative shunt was based on intraopera-
tive transcranial Doppler monitoring of the ipsilateral middle ce-
rebral artery. Our surgical technique [28, 29] followed closely the
different steps of microsurgical CEA described by Bailes [30, 31].
The excised atherosclerotic plaque was described macroscopically
as smooth or ruptured/ulcerated.

Follow-up Evaluation

The first postoperative neurologic examination was performed
by the surgeon at awakening. An early sonographic examination
was performed 1'2-3 h after the end of the operation to exclude
persisting cerebral embolism or hyperperfusion. All patients were
examined clinically and sonographically after 1 and 5-6 weeks by
board-certified neurologists independently of the surgeon. Postop-
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erative complications were defined according to ECST [32] as any
adverse events occurring during the operation or the following
4 weeks and comprising mortality, major cardiac or neurologic
morbidity (deficits persisting after 7 days), and minor morbidity
(local complications, minor cardiac complications or neurologic
deficits resolving in 7 days).

Results

Diagnostic Performance

From October 1998 to December 2004, 327 patients
(104 women, 223 men; mean age: 69 years, range 32-88
years) were consecutively operated for a carotid stenosis
and included into the study. This represented 2.5% of the
12,831 patients examined in our Cerebrovascular Diag-
nostic Laboratory during the same period, among whom
7,433 were first time patients. According to the used ul-
trasonographic criteria, 228 patients (69.8%) had a symp-
tomatic carotid stenosis, classified as high grade in 223
and middle grade in 5. Ninety-nine patients (30.2%) had
an asymptomatic, by definition high-grade stenosis. The
stenosis was located on the right side in 161 patients
(49.2%) and on the left side in 166 (50.8%).

Noninvasive preoperative MRA was performed in
278 patients (85%). Among the 49 patients (15%) who
were not examined with MRA, the ultrasonographic di-
agnosis of carotid stenosis was confirmed by DSA in 44
(13.5%) and CTA in 5 (1.5%). Most of the DSA studies
(20 patients) were performed on an emergency basis be-
fore MRA as a preparation for intra-arterial thrombolysis
or angioplasty/stenting. Another group of 15 patients had
had cerebral DSA in recent past for other reasons and did
not need MRA at the time of their carotid operation.
MRA could not be performed because of the presence of
a pacemaker in 5 patients and because of refusal/claus-
trophobia in 4 patients.

Eleven additional DSA studies (3.3%) had to be per-
formed in order to complement ultrasound and MRA,
mostly because the noninvasive examinations diverged
in the diagnosis of subocclusion vs. occlusion of the in-
ternal carotid artery (9 patients; fig. 1). In 2 patients, the
noninvasive studies could not differentiate with certainty
a middle-grade stenosis from a high-grade stenosis, MRA
having sometimes the tendency to exaggerate the grade
of stenosis (fig. 2).

Radiological Information

No direct morbidity was related to the 278 MRA stud-
ies performed preoperatively. MRA appeared to be very
reliable in the planning and preparation of carotid sur-
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Fig. 1. a 3-D first-pass gadolinium-enhanced MRA of the precere-
bral arteries in a 78-year-old patient with right frontal infarct. On
the right side, MRA showed a pointed ICA stump with prompt fill-
ing of the carotid bulb (*). Highest-grade stenosis (>99%) with ICA
subocclusion was suspected although an occlusion could not be de-
finitively excluded. On the left side, the patient had an asymptom-
atic high-grade carotid stenosis. b On the late MRA sequence fol-
lowing first passage of gadolinium, vessel superpositions did not
allow to exclude an occlusion with certainty, although the ICA filled
further as compared to first-pass MRA. ¢ As US could not confirm
or exclude an occlusion, DSA was performed preoperatively. This
examination demonstrated residual perfusion and patency of the
right ICA on the late images, confirming subocclusion of the vessel
at the bifurcation.

396 Cerebrovasc Dis 2006;21:393-400

Fig. 2. a 3-D first-pass gadolinium-enhanced MRA of the precerebral
arteries in a 75-year-old patient. On the left side, MRA showed a
carotid stenosis which was measured around 70%. The lesion was
classified at the lowest range of high-grade although a middle-grade
50-69% stenosis could not be definitively excluded (*). The patient
also had a clearly high-grade stenosis on the right side. b As the pa-
tient was neurologically asymptomatic and US measured a middle-
grade 50-59% stenosis on the left side, complementary noninvasive
CT angiography was performed preoperatively (*). This examination
did not confirm the ultrasonographic findings but rather supported
the MRA diagnosis of a high-grade stenosis. ¢ The definitive decision
not to operate the left carotid bifurcation was taken after the DSA
had demonstrated a middle-grade 50-59% stenosis (*) caused by a
large atheroslerotic plaque. The patient was included into our study
because he was subsequently operated for the high-grade stenosis of
his right internal carotid artery.
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gery. No surgical problem was encountered during the
operation which would not have been predicted by pre-
operative MRA. The detailed information furnished by
preoperative MRA is given in table 1. Most carotid bifur-
cations (90.6%) were located at the level of Cy4. In patients
with a bifurcation placed above C,, preoperative MRA
allowed for preparing the ICA very distally in order to
remove the plaque completely. Rotation of the carotid
bifurcation with a medial position of the ICA represents
a surgical difficulty which was clearly demonstrated by
MRA in 5.7% of the patients. Extensive preparation of
the bifurcation with derotation of the ICA was necessary
in these cases to perform arteriotomy and plaque remov-
al. Most patients (86.3%) had a 90-99% stenosis. In 2 pa-
tients diagnosed preoperatively with a highest-grade
stenosis, the ICA was occluded at the time of surgery
2 weeks later and could not be recanalized. The length of
stenosis was found to be 10-25 mm in the majority of the
patients (80.2%). Particularly long stenoses (>25 mm) re-
quired extended preparation of the ICA to allow complete
removal of the plaque. Concerning the anatomical char-
acteristics of the plaque, as compared with intraoperative
findings, MRA was able to predict 119 out of 155 smooth
plaques (76.7%) and 110 out of 123 ruptured/ulcerated
plaques (89.4%). Finally, tandem stenosis of the ICA was
rare in this series (2.5% of patients) and reliably detected
by preoperative MRA.

Clinical Results

Out of 327 consecutively operated patients, 21 (6.4%)
suffered a complication during the operation or during
the following month. The combined mortality/major
morbidity rate was 0.9%. One patient died suddenly of
acute heart failure on the second postoperative day (mor-
tality rate: 0.3%). Two patients suffered a major compli-
cation: one had an ipsilateral brain infarct due to acute
rethrombosis of the operated ICA and one developed a
severe postoperative heart failure leading to death
3 months later (major morbidity rate: 0.6%). A minor
complication occurred in 18 patients (minor morbidity
rate: 5.5%): 6 mild heart failures (1.8%); 4 TIA/minor
neurologic deficits (1.2%); 4 wound abscesses or hemato-
mas (1.2%); 3 recurrent nerve pareses (0.9%) and 1 epi-
leptic seizure (0.3%). Remarkably, no patient suffered
any postoperative hyperperfusion syndrome or intracere-
bral hemorrhage in this series. The complication rates in
symptomatic and asymptomatic patients are detailed in
table 2.

Contrast-Enhanced MRA for Carotid
Endarterectomy

Table 1. Radiological information furnished by preoperative MRA
of the carotid bifurcation in 278 patients consecutively operated
between 1998 and 2004

Position of bifurcation

Cervical 2 2(0.7)

Cervical 3 11(4)

Cervical 4 252 (90.6)

Cervical 5 13 (4.7)
Rotation of ICA

Lateral 262 (94.3)

Medial 16 (5.7)
Grade of stenosis

50-69% 5(1.8)

70-79% 8(2.9)

80-89% 25(9)

90-99% 240 (86.3)
Length of stenosis

<10 mm 21(7.6)

10-25 mm 223(80.2)

>25 mm 34(12.2)
Plaque characteristics

Smooth 119/155 (76.7)

Ulcerated 110/123 (89.4)
Tandem stenosis 7 (2.5)

Figures in parentheses indicate percentages.

Table 2. Clinical results of CEA consecutively performed on the
basis of noninvasive preoperative US/MRA protocol (‘intention to
treat’) in 327 symptomatic and asymptomatic patients between
1998 and 2004

Symp- Asymp- Total
tomatic tomatic
Patients 228 99 327
Total complications 18 (7.8) 3(3) 21 (6.4)
Mortality + major morbidity 2(0.8) 1(1) 3(0.9)
Mortality - 1(1) 1(0.3)
Major morbidity 2 (0.8) - 2 (0.6)
Severe heart failure 1(0.4) - 1(0.3)
Deficits >7 days 1(0.4) - 1(0.3)
Minor morbidity 16 (6.4) 2(2) 18 (5.5)
Mild heart failure 6(2.4) - 6(1.9)
Deficits <7 days 4 (1.6) - 4(1.2)
Abscess, hematoma 3(1.2) 1(1) 4(1.2)
Recurrent nerve paresis 2 (0.8) 1(1) 3(0.9)
Seizure 1(0.4) - 1(0.3)
Figures in parentheses indicate percentages.
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Discussion

Six years ago, our decision to abandon DSA for the
preoperative diagnosis of carotid disease was based on a
well-established experience of stenosis screening and
grading with ultrasound and the development of a new
first-pass contrast-enhanced MR angiographic sequence.
The diagnostic reliability of MRA was compared with
DSA in a large sample of patients before being applied to
decision making for CEA [19, 20]. The results of the pres-
ent study confirm that the patients referred to our center
and submitted to CEA since then did not globally suffer
any disadvantage from this noninvasive diagnostic pro-
tocol.

This study was not designed to determine the failure
rate of combined ultrasound/MRA potentially leading to
exclude patients with operable lesions or, inversely, to
include patients not qualifying for CEA. Our previous
MRA/DSA correlation study [20] had demonstrated a
high ability of fast contrast-enhanced MRA to differenti-
ate between a suboccluded and occluded ICA so that we
can assume that very few patients with highest-grade ste-
nosis were missed. On the other hand, only 2 patients
(0.7%) were found to have an occluded ICA at the opera-
tion in our series; the occlusion could well have occurred
in the interval between diagnostic MRA and CEA. It is
also likely that very few patients, if any, with a middle- or
even low-grade stenosis have been falsely recruited for the
operation because only 5 patients (1.8%) with an overtly
symptomatic 50-69% stenosis were operated on in our
series. Asarule, patients with a middle-grade stenosis and
uncertain neurologic symptoms were followed with ultra-
sound and an operation was only discussed in case of ste-
nosis progression to 70% or above. These figures can be
considered optimistic in regard of the much higher mis-
match rates and inadequate indications of CEA reported
in several studies comparing the performance of nonin-
vasive diagnosis with golden standard DSA. The differ-
ence can be explained by differing methodologies or be-
cause several studies examined the performance of ultra-
sound alone as compared with DSA, or applied other
methods of MRA (e.g. 2-D time-of-flight, 3-D time-of-
flight, non-first-pass contrast enhanced) [1, 15, 16, 33—
37]. Combination of ultrasound with MRA, as was sys-
tematically performed in our series, probably improves
the reliability of noninvasive preoperative diagnosis [1,
38]. Based on the newest imaging methods, the rate of
misclassification of carotid stenosis should realistically
not exceed 2-3% anymore, supporting the trend to rely
on combined noninvasive tests in routine clinical practice
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and to use DSA only in situations with divergent nonin-
vasive findings [18, 39, 40].

Much has been written on the necessity to constantly
improve the quality and safety of carotid surgery as the
success of this prophylactic intervention not only de-
pends on diagnosis and indication, but also directly on
the rate of perioperative complications [41-48]. The clin-
ical results of surgery should be assessed by independent
neurological specialists, a reasonable goal being to reduce
the rate of mortality/severe morbidity below 1-2% [49].
Noninvasive preoperative MRA influences surgical re-
sults by eliminating the small, but well-known risks of
DSA. This fact is particularly important for patients with
an asymptomatic stenosis. In addition, in our series, first-
pass contrast-enhanced MRA revealed itself as a very use-
ful tool to prepare and perform CEA with practically no
risk for the patient. The location and anatomical charac-
teristics of the carotid bifurcation were clearly depicted
on preoperative MRA. The grade and length of stenosis
as well as the presence of tandem stenoses were also ex-
actly demonstrated. Our MRA protocol tended to over-
estimate the presence of plaque ulcerations, but this had
no influence on the clinical outcome.

Combined US/MRA had to be complemented by DSA
for diagnostic reasons in only 3.3% of the patients includ-
ed in our series, which is slightly inferior to the percent-
ages published in recent correlation studies [17, 37-39].
Despite the fact that MRA was established as first imag-
ing option after ultrasound, no less than 13.5% of the op-
erated patients (44/327) were subjected to diagnostic
DSA independently of MRA. Most of them had already
had DSA for other reasons before investigation of the ca-
rotid bifurcations. Some of them were also potential can-
didates for angioplasty and stenting, which could not be
performed afterwards. As the number of endovascular
procedures for carotid stenosis will probably increase in
the future, it is possible that more patients will paradox-
ally be referred for CEA on the basis of invasive preop-
erative diagnosis.

In conclusion, our observational study reflects a well-
established practice of CEA and supports the exclusive
use of noninvasive diagnostic imaging for deciding the
operation. Preoperative MRA gives an important ana-
tomical information not easily visible on ultrasounds. In
our opinion, a morphological radiological examination of
the precerebral arteries should always be added to US in
order to facilitate the planning and to increase the safety
of CEA.
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