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BACKGROUND AND PURPOSE: Compared with the single-detector technique, multi-detec-
tor row CT angiography permits larger anatomic coverage that includes both the epiaortic and
entire carotid circulations. We evaluated the accuracy of multi-detector row CT angiography by
using multiplanar reformation (MPR) for measuring carotid artery diameters compared with
that of rotational angiography. We also evaluated the diagnostic performance of CT angiogra-
phy compared with digital subtraction angiography (DSA).

METHODS: In 35 patients, CT angiograms of 70 carotid arteries were compared with DSA
images, and CT angiograms of 33 carotid arteries were compared with rotational angiograms.
CT angiographic interpretation was performed first interactively at a workstation. Diameter
measurements of normal and stenosed carotid arteries were performed on cross-sectional and
oblique sagittal MPRs. Degree of stenosis was calculated per North American Symptomatic
Carotid Endarterectomy Trial criteria independently by two observers for each technique.

RESULTS: Degree of stenosis was slightly underestimated with CT angiography, with mean
differences (� SD) per observer of 6.9 � 17.6% and 10.7 � 16.1% for cross-sectional and 2.8 �
19.2% and 9.1 � 16.8% for oblique sagittal MPRs compared with rotational angiography. CT
angiography was somewhat inaccurate for measuring the absolute minimal diameter of high-
grade stenoses. On symptomatic sides (n � 35), interactive CT angiographic interpretation
combined with MPR measurements for lesions with a visual estimate of 50% or greater stenosis
achieved a sensitivity of 95% (20/21) and specificity of 93% (13/14) in the detection of carotid
stenosis (> 50%) verified with DSA.

CONCLUSION: Regardless of slight underestimation of carotid stenosis with CT angiography
compared with rotational angiography, diagnostic performance of CT angiography with inter-
active interpretation proved to be good. Also, the method is highly sensitive for detection of
carotid artery stenosis, indicating the suitability of CT angiography as a screening method for
symptomatic patients. For hemodynamically significant stenoses revealed by CT angiographic
screening, conventional angiography still seems to be necessary.

CT angiography is a useful tool for evaluation of
cerebrovascular vessels. New multi-detector row CT
technology provides several advantages for carotid

imaging in comparison with the single-detector tech-
nique (1). Multi-detector row CT angiography per-
mits larger anatomic coverage, including both the
epiaortic and entire carotid circulation with the
branches of the circle of Willis (2). Multi-detector row
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CT has been proposed to be useful in the comprehen-
sive imaging of ischemic stroke (3). To our knowledge,
no previous studies have considered the diagnostic per-
formance of multi-detector row CT angiography for the
assessment of carotid artery stenosis.

Rotational angiography with multiple projections
may provide benefit over digital subtraction angiog-
raphy (DSA) in determining the smallest diameter
in a stenosed carotid artery (4, 5). CT angiography
is a true cross-sectional imaging method. To eval-
uate the accuracy of CT angiography in measuring
diameters in practice, the best reference method
available should be used. To our knowledge, there
are no published studies in which CT angiography
has been compared with rotational angiography for
the assessment of carotid diameters. However,
DSA is still the current reference standard for clin-
ical decision-making.

The purpose of the present study was to assess the
accuracy of multi-detector row CT angiography in the
assessment of carotid artery diameters compared with
that of rotational angiography and to assess the diag-
nostic performance of CT angiography for detection
of carotid stenosis compared with DSA.

Methods

Study Protocol and Patients
Between September 2001 and June 2002, all patients who

were scheduled for DSA of the cervicocranial arteries because
of transient ischemic attacks or minor hemispheric stroke and
who had normal renal function were asked to participate in the
study. Thirty-five consecutive patients (20 men, 15 women;
mean age, 68 years; range, 50–83 years) participated the study.
Both DSA and CT angiography were performed during the
inpatient time. The study protocol was approved by the ethics
committee of our hospital, and informed consent was obtained
from the patients.

Angiography
Selective angiography was performed for 70 carotid arteries

in 35 patients by using biplane DSA equipment (Neurostar
Plus; Siemens, Forchheim, Germany). Each carotid artery was
imaged in four projections with 5–6 mL of nonionic contrast
medium (Visipaque 270 mg of iodine/mL; Nycomed, Oslo,
Norway) per injection and a flow rate of 8 mL/s. The four
projections used in DSA were anteroposterior, lateral, ipsilat-
eral oblique, and contralateral oblique projections obtained in
both carotid arteries. In addition, the aortic arch and subcla-
vian arteries were imaged.

Rotational angiography was performed if the radiologist
anticipated that the patient was capable of staying motionless
for the approximately 24 seconds necessary to complete the
entire rotational angiographic imaging protocol, including im-
aging with nonenhanced and enhanced projections and a minor
pause before these two rotations. The patient was positioned in
the isocenter of the equipment. For enhanced rotational imag-
ing, 23 mL of contrast medium was injected at a flow rate of 2.5
mL/s into the common carotid artery. After contrast medium
injection, imaging started in a lateral position with 180° rota-
tion in 8 seconds around the carotid bifurcation to acquire 80
projections. A 512 � 512 image intensifier matrix was used.
Rotational angiography was performed in a total of 33 bifur-
cations (one carotid bifurcation for 29 patients, both carotid

bifurcations for two patients). For statistical purposes, rota-
tional angiography was performed randomly on either the
symptomatic or contralateral side or both sides to gather a wide
range of stenoses.

Evaluation of DSA and Rotational Angiography
The DSA and rotational angiographic images were analyzed

by using the routine console of the angiography equipment. For
rotational angiography, the site of maximal stenosis was eval-
uated by using the acquired 80 original angiograms. The ste-
nosis percentage was measured by using the criteria described
by the North American Symptomatic Carotid Endarterectomy
Trial (NASCET) Collaborators (6). For windowing of DSA
images, the observer was allowed to change the settings on a
visual basis as usual in daily practice.

In rotational angiography, the windowing of the original
nonsubtracted projections was selected by the observer to show
enhanced vessels properly with sufficient contrast in relation to
the background. Two radiologists (Z.Z., A.I.) with 9 and 5
years experience for performing and interpreting carotid an-
giographic studies independently measured the minimum di-
ameter at the stenosis level from the projection showing max-
imum stenosis in the internal carotid artery (ICA), or the
common carotid artery (CCA) if this was of greater severity.
The reference diameter was set distal to the carotid bulb. The
measured stenosis degrees were classified into five categories:
0–29%, 30–49%, 50–69%, 70–99%, and occlusion of the ca-
rotid artery.

Ulcerations of the plaques, distal carotid artery lesions (be-
yond the bulb), and additional findings such as intracranial
aneurysms were also recorded. Distal carotid artery stenosis
was measured, and the ratio of the degree of stenosis was
defined by using the diameter of the normal artery in the same
segment as the reference.

CT Angiography
All patients underwent CT angiography with a four-channel

multi-detector row CT system (Volume Zoom; Siemens). The
scanning was performed with 120 kV and 250 mAs. The other
imaging parameters were 1-mm collimation, 5-mm/s table feed,
and 0.5-second gantry rotation time. The contrast agent (Ul-
travist 300 mg of iodine/mL; Schering AG, Berlin, Germany)
volume for CT angiography was 80 mL, with a saline chaser
bolus of 30 mL by using a flow rate of 3 mL/s with a 1.3-mm (18
gauge) cannula through the antecubital vein. The bolus-track-
ing method was used for assessment of the optimal time delay
for CT scanning, to optimize contrast material enhancement in
carotid arteries; the region-of-interest indicator was placed on
a reference image obtained from the aorta. Scanning started 5
seconds after enhancement in the aorta reached 70 HU. Spiral
scanning included the volume between the sixth cervical verte-
bra and the circle of Willis. The patients were asked to breathe
evenly and smoothly without swallowing or moving. The raw
data of CT angiography were routinely reconstructed to axial
sections with a soft-tissue algorithm and a section thickness of
1.5 mm with a 1.0-mm reconstruction interval.

Evaluation of CT Angiograms
The axial images were loaded on a separate workstation

(ADW 4.0; GE Medical Systems, Milwaukee, WI) for further
analysis. A window width of 700 and window level of 200 were
selected for the interactive interpretation of the carotid CT
angiographic study and for the subsequent multiplanar refor-
mation (MPR) measurements. Three radiologists (M.B., Z.Z.,
P.S.) analyzed the CT angiographic data independently. The
observers first viewed the bifurcation area of both carotid
arteries interactively at the workstation to obtain a general
overview of the vessels and to detect the possible sites of
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stenosis and additional findings. A filling pouch of contrast
medium within the plaque was interpreted as ulceration.

The distal cervical and intracranial parts of the ICA were
evaluated by one of the observers with 8 years experience in
performing CT angiography, in the cine mode in three orthog-
onal planes for detection of significant distal stenosis above the
bifurcation as a possible tandem lesion and also for detection of
other findings.

For the assessment of the degree of stenosis, the oblique
cross-sectional MPR and oblique sagittal MPR, which are per-
pendicular to each other, were reconstructed by each observer.
Figures 1 and 2 show examples of these 2D MPR subvolume
images. Although analysis of axial images reveals the contrast-
enhanced lumen whether or not there are mural calcifications,
an axial image of the stenosed carotid artery deflecting from
the scanning plane may fail to reveal exactly the shortest di-
ameter of the stenosed segment (Fig 2). Therefore, the stenosis
degree was measured from the MPR views, and two observers
(M.B., Z.Z.) independently measured the diameter stenosis
degree by using the NASCET criteria. To assess intraobserver
repeatability, one observer without previous experience in per-
forming CT angiography analyzed the data twice with an inter-
val of 1 month. One observer (P.S.) with 1 year of experience
in performing CT angiography did only interactive visual inter-
pretation of the CT angiographic study and estimated the
degree of the stenosis.

The measurements were performed from magnified MPR
images with an electronic caliper at the workstation. In cases of
a string sign, the diameter stenosis degree was interpreted to be
95%, similarly as in previous angiographic studies (7). Finally,
the visual estimation of stenosis degree was combined with
MPR measurements for selected cases as a two-step procedure
(i.e., interactive interpretation of CT angiograms with subse-
quent MPR measurements).

Statistical Analysis
All data were analyzed with the SPSS 10.1 for Windows

(SPSS Inc., Chicago, IL) statistical package. The Pearson cor-
relation coefficient was calculated to assess the intraobserver
reproducibility and the interobserver agreement. The � statistic
was calculated for the interobserver agreement of CT angio-
graphic measurements and for the intertechnique comparison.
Linear regression analysis with a standard error of estimation
(SEE) was used for the assessment of intra- and interobserver
error between hemodynamically insignificant (�50%) and sig-
nificant (� 50%) stenoses, divided according to the findings at
rotational angiography. Mean difference with SD was calcu-
lated for the interobserver agreement of rotational angiogra-
phy measurements and for the intertechnique comparison.
Scatterplots were constructed for the intertechnique compari-
son of the absolute diameter measurements. Differences for
continuous variables with a normal distribution were analyzed
with the t test for paired observations. A P value of less than .05
was considered to indicate a statistically significant difference.
To assess the diagnostic performance of CT angiography, sen-
sitivity, specificity, and overall accuracy values were calculated
by using 50% diameter stenosis as the cutoff point for a hemo-
dynamically significant finding. The diagnostic performance
with positive and negative predictive values was also calculated
separately for the symptomatic side.

Results

DSA and Rotational Angiography
Among the 70 carotid arteries analyzed, there were

27 grade 0–29% stenoses, 13 grade 30–49% stenoses,

FIG 1. A–D, CT angiographic MPR
images of the left ICA at the stenosis
level (A and C) and at the distal ex-
tracranial ICA as the chosen refer-
ence level (B and D) for assessment
of stenosis degree with NASCET cri-
teria. Dotted lines indicate sites of
measurement of vessel diameter.
Every view was tilted according to
the patient’s individual anatomy; the
tilted planes are shown in small
boxes in the right lower corner of
each image.

A and B, Cross-sectional MPR im-
ages (data were reformatted with the
double oblique mode) illustrate the
accurate cross-section of the artery
at the stenosis level (A) and at the
chosen reference level (B). At the
stenosis level, the minimum diame-
ter was determined with an addi-
tional measurement perpendicular to
the smallest diameter.

C and D, Oblique sagittal MPR im-
ages tilted along the course of the
obliquely oriented ICA at the level of
stenosis (C) and at the chosen refer-
ence level in the distal extracranial
ICA (D) . At the stenosis level, the
actual diameter of the entire ICA (up-
per dotted line in C), including the
patent vessel lumen and the plaque,
is shown.
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eight grade 50–69% stenoses, 17 grade 70–99% ste-
noses, and five occlusions on DSA images. DSA en-
abled detection of 25 stenoses with an ulceration.
Nine distal lesions in the intracranial ICA were veri-
fied on DSA images among the 65 patent distal ca-
rotid arteries (Fig 3). In addition, one occult intracra-
nial aneurysm was detected. On the symptomatic side
(n � 35), the mean stenosis was 57% with DSA
(range, 0–100%). The carotid stenoses on the symp-
tomatic side of the patients were hemodynamically
significant (� 50%) in 21 patients and hemodynami-
cally insignificant in 14 patients.

According to rotational angiography (n � 33),
there were 10 grade 0–29% stenoses, six grade 30–
49% stenoses, eight grade 50–69% stenoses, eight
grade 70–99% stenoses, and one occlusion. Rota-
tional angiography was performed on the symptom-
atic side in 16 patients. On rotational angiograms, the
mean smallest diameter (� SD) of the absolute re-
sidual lumen was 4.6 � 0.8 mm (range, 3.6–6.2 mm,

n � 10) in the category of 0–29% stenosis, 2.5 � 0.5
mm (range, 2.1–3.2 mm, n � 6) in the category of
30–49% stenosis, 1.6 � 0.4 mm (range, 1.1–2.0 mm,
n � 8) in the category of 50–69% stenosis, and 1.0 �
0.2 mm (range, 0.8–1.2, n � 8) in the category of
70–99% stenosis.

The mean difference between measurements from
DSA and rotational angiography was –2.3 � 9.1%
(P � .155), indicating a slight underestimation with
DSA compared with rotational angiography. Table 1
shows the comparison of DSA with rotational angiog-
raphy. In one carotid artery, the string sign was de-
tected with DSA; rotational angiography was not per-
formed in this case.

An excellent correlation was demonstrated between
the two observers for the measurements with DSA (r �
0.95, P � .001, n � 70) and rotational angiography (r �
0.95, P � .001, n � 33). The mean difference (� SD)
between observers was 0.5 � 10.6% with DSA and
0.3 � 9.5% with rotational angiography.

FIG 2. A and B, CT angiographic thin-
slab MIP images with slab thickness of 6
mm in the right carotid artery reveals ath-
erosclerotic changes (short arrows in A)
and an extensive mural calcification (long
arrow in A and B) in the bulbar area of the
ICA. The black line in A indicates the cor-
responding axial plane in B. Note that the
course of the ICA seen entirely on the MIP
image deflects from the caudocranial
scanning plane. Therefore, the cross-sec-
tion of the ICA (short arrows in B) is elon-
gated. Asterisk indicates partly enhanced
jugular vein.

C, Oblique sagittal MPR image with
section thickness of 0.3 mm shows that
the hemodynamically insignificant steno-
sis (short arrow) is seen next to the mural
calcification (long arrow), which hides the
stenosis area seen on the MIP image in A.
Black line indicates the orientation of the
cross-sectional MPR image in D; asterisk
indicates partly enhanced jugular vein.

D, Cross-sectional MRP image shows a
concentric plaque in the ICA wall with ec-
centrically located extensive mural calcifi-
cation (long arrow), and the enhanced lu-
men (short arrows) appears circular.
Asterisk indicates partly enhanced jugular
vein. According to our experience, it was
slightly easier to determine the maximal
stenosis point of the carotid artery with
cross-sectional MPR than with sagittal
MPR mode. With sagittal MPR mode, it is
possible to rotate the image plane 360°,
leading to inaccuracy in detecting the
shortest diameter in eccentric stenoses. In
addition, during the procedure to produce
the MPR images at the GE workstation,
there is a mark point on the target vessel
(not shown) that sometimes hampers visu-
alization of the stenosed carotid artery,
especially with sagittal MPR mode.
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Reproducibility of CT Angiographic
Measurements

The Pearson correlation coefficient (r) between the
repeated stenosis degree measurements for a single
observer (n � 70) was 0.79 (P � .001) by using

cross-sectional MPR and 0.77 (P � .001) by using
oblique sagittal MPR. The correlation between the
two observers was 0.83 (P � .000) for the cross-
sectional MPR measurements and 0.77 (P � .001) for
the oblique sagittal MPR measurements.

Fair to moderate agreement was detected between
the two observers at the cutoff point of 50% stenosis
degree, achieving a � statistic value of 0.52 (95%
confidence interval [CI]: 0.32–0.72) for cross-sec-
tional MPR and 0.49 (95% CI 0.30–0.69) for oblique
sagittal MPR.

For measuring the degree of stenosis with cross-
sectional MPR, the intra- and interobserver error
expressed as the SEE was of the same order for both
hemodynamically insignificant and significant steno-
ses. For insignificant stenoses (n � 16), the SEE was
16% for both the intra- and interobserver error, and
for significant stenosis (n � 17), the SEE was 16%
and 18% for the intra- and interobserver error, re-
spectively. For oblique sagittal MPR measurements,

FIG 3. Distal lesion in the petrous part of
the left ICA detected correctly with CT
angiography.

A and B, Axial (A) and coronal (B) MPR
images of distal ICAs show the smaller
diameter of the left ICA (long arrow) com-
pared with the normal ICA on the right
(short arrow).

C and D, Selective angiograms verify
the stenosis (arrow in C) and a near-occlu-
sion (arrow in D) at the bulb. This tandem
lesion on the symptomatic side was suc-
cessfully treated with angioplasty and
stent placement.

TABLE 1: Comparison of stenosis grade at DSA and rotational an-
giography in 33 arteries

DSA

Rotational Angiography

0–29% 30–49% 50–69% 70–99% 100%

0–29% 10 1 11
30–49% 4 3 7
50–69% 1 4 5
70–99% 1 8 9
100% 1 1

10 6 8 8 1 33

Note.—Data are number of arteries in which both DSA and rota-
tional angiography were performed.
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the SEE was 24% and 25% for the intra- and inter-
observer error in insignificant stenoses, and 19% and
17% in significant stenoses, respectively.

Accuracy of CT Angiographic MPR
Measurements

The Pearson correlation coefficient between CT
angiography and rotational angiography measure-
ments of the smallest diameter of the absolute resid-
ual lumen of carotid stenosis was 0.75 (P � .001) by
using cross-sectional MPR and 0.66 (P � .001) by
using oblique sagittal MPR for the first measurer, and
the corresponding values for the second measurer
were 0.84 (P � .001) and 0.83 (P � .001). The scat-
terplots of the absolute diameter measurements be-
tween rotational angiography or DSA and CT angiog-

raphy in the stenosed carotid arteries are shown in
Figure 4. The accuracy of CT angiography in the
measurement of degree of stenosis in the carotid
bifurcation area with reference to rotational angiog-
raphy and DSA is shown in Tables 2 and 3,
respectively.

Diagnostic Performance of Multi-Detector Row
CT Angiography

Tables 4 and 5 show the diagnostic performance of
CT angiography measurements in comparison with
rotational angiography (n � 33) and DSA (n � 70),
respectively. The combined MPR was considered to
be positive when either the cross-sectional MPR or
oblique sagittal MPR measurements yielded a degree
of stenosis of 50% or greater. Simple visual estima-

FIG 4. A–D, Scatterplots show the distribu-
tion of absolute diameters in millimeters be-
tween rotational angiography and cross-sec-
tional MRP (cMPR) (A) and oblique sagittal
MPR (sMPR) (B) of CT angiography and be-
tween DSA and cross-sectional MPR (C) and
oblique sagittal MPR (D) of CT angiography.
The absolute diameter measurements were
obtained from the stenosed level (filled
square) and from the reference level (open
circle).

TABLE 2: CT Angiographic MPR measurements of degree of stenosis compared with rotational angiographic measurements in 33 carotid
arteries

MPR Method Observer
Mean Difference*

(% � SD)
r

Value

� Value (95% CI)

50%† 70%‡

Cross-sectional 1 6.9 � 17.6 0.82 0.58 (0.31–0.84) 0.40 (0.05–0.76)
2 10.7 � 16.1 0.86 0.58 (0.33–0.83) 0.29 (�0.04–0.62)

Sagittal 1 2.8 � 19.2 0.80 0.70 (0.45–0.94) 0.40 (0.05–0.76)
2 9.1 � 16.8 0.84 0.58 (0.31–0.84) 0.42 (0.06–0.76)

* A positive mean difference value indicates an underestimation of stenosis degree with CT angiography.
† 50% cutoff point for hemodynamically significant stenosis.
‡ 70% cutoff point for hemodynamically significant stenosis.
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tion of the degree of stenosis yielded sensitivity of
100% (31/31), specificity of 73% (29/40), and overall
accuracy of 86% (60/70) in comparison with DSA in
our sample of 70 carotid arteries including both the
symptomatic and contralateral sides.

On CT angiograms, two carotid arteries with the
string sign indicating near occlusion were detected.
One of these findings was the same as noted at DSA,
and 95% stenosis was recorded by the first measurer.
The other ICA with the string sign on CT angiograms
was not interpreted to show the string sign at DSA,
although a minor decrease in the diameter of the
distal ICA could be seen. The degree of stenosis in
this particular case was 90% at DSA.

An additional strategy was tested by using the
highly sensitive visual estimation as the first-line
screening step for detection of a hemodynamically
significant stenosis (� 50%), and as the second step,
the measurement of the degree of stenosis was ap-
plied only for the positive cases selected by visual
estimation. In symptomatic sides (n � 35), the sensi-
tivity of CT angiography was good with sufficient

accuracy for detection of carotid stenosis (Table 6).
The only false-positive case with CT angiography was
a carotid bifurcation in which the stenosis degree was
measured to be 43% at DSA, but 63% at rotational
angiography.

CT angiography enabled detection of 14 ulcerative
plaques in the 65 patent carotid arteries. In 11 cases,
the finding agreed with those of DSA. Fourteen of
the ulcerations diagnosed with DSA were not de-
tected with CT angiography. Therefore, the agree-
ment between CT angiography and DSA was 74% for
detection of plaque ulceration.

All five occlusions in proximal ICAs verified with
DSA were correctly diagnosed with CT angiography
by all observers. In the remaining 66 patent ICAs,
distal lesions were interpreted to be present in 13
cases (20%) with CT angiography. Four false-positive
findings were due to the presence of extensive calci-
fications. Since there were no false-negative findings
at CT angiography, we achieved a sensitivity of 100%
(9/9), a specificity of 93% (53/57), and an overall
accuracy of 95% (62/65) for detection of distal lesions

TABLE 3: CT angiographic MPR measurements of degree of stenosis compared with DSA measurements in 70 carotid arteries

MPR Method Observer
Mean Difference*

(% � SD) r Value

� Value (95% CI)

50%† 70%‡

Cross-sectional 1 �0.4 � 23.0 0.76 0.53 (0.33–0.73) 0.50 (0.27–0.72)
2 5.3 � 21.8 0.76 0.70 (0.53–0.87) 0.36 (0.14–0.58)

Sagittal 1 �3.8 � 24.5 0.73 0.55 (0.36–0.74) 0.54 (0.32–0.76)
2 3.7 � 21.7 0.77 0.79 (0.65–0.94) 0.38 (0.15–0.61)

* A positive mean difference value indicates an underestimation of stenosis degree with CT angiography.
† 50% cutoff point for significant stenosis.
‡ 70% cutoff point for significant stenosis.

TABLE 4: Diagnostic performance of various CT angiographic MPR analysis methods for assessment of degree of stenosis in carotid arteries
compared with rotational angiography

MPR Analysis Method Observer Sensitivity (%) Specificity (%) Overall Accuracy (%)

Cross-sectional 1 65 (11/17) 94 (15/16) 79 (26/33)
2 59 (10/17) 94 (15/16) 76 (25/33)

Sagittal 1 82 (14/17) 88 (14/16) 85 (28/33)
2 65 (11/17) 94 (15/16) 79 (26/33)

Combined* 1 82 (14/17) 88 (14/16) 85 (28/33)
2 71 (12/17) 88 (14/16) 79 (26/33)

Note.—Numbers in parentheses are number of arteries. A 50% stenosis was the cutoff point for a hemodynamically significant finding.
* Combined MPR was considered to be positive when either of the MPR (cross-sectional or oblique sagittal) measurements yielded a positive

result.

TABLE 5: Diagnostic performance of various CT angiographic MPR analysis methods for assessment of degree of stenosis in carotid arteries
compared with DSA

MPR Analysis Method Observer Sensitivity (%) Specificity (%) Overall accuracy (%)

Cross-sectional 1 73 (22/30) 80 (32/40) 77 (54/70)
2 77 (23/30) 98 (39/40) 88 (62/70)

Sagittal 1 87 (26/30) 70 (28/40) 77 (54/70)
2 87 (26/30) 95 (38/40) 91 (65/70)

Combined* 1 87 (26/30) 70 (28/40) 77 (54/70)
2 90 (27/30) 95 (38/40) 93 (66/70)

Note.—Numbers in parentheses are numbers of arteries. A 50% stenosis was the cutoff point for a hemodynamically significant finding.
* Combined MPR was considered to be positive when either of the MPR (cross-sectional or oblique sagittal) measurements yielded a positive

result.
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in the ICA. The one incidental middle cerebral artery
aneurysm was correctly diagnosed with CT angiogra-
phy. No adverse events were detected during the CT
angiography, DSA, or rotational angiography
procedures.

Discussion
Large randomized trials have shown that carotid

endarterectomy is beneficial in the secondary preven-
tion of stroke in symptomatic patients with high-grade
stenosis (6–9). In the pooled data from these ran-
domized controlled trials, some benefit was noted in
those patients with 50–69% stenosis, whereas benefit
in patients with near-occlusion of the carotid artery
has been reported to be marginal in the short-term
and uncertain in the long-term (7). Those trials used
selective conventional angiography for the diagnosis
and quantification of carotid stenosis.

Owing to the risks associated with angiography,
alternatives such as the use of noninvasive carotid
imaging have been proposed (10). Color Doppler
sonography (11), MR angiography with or without
contrast enhancement (12, 13), or CT angiography
(14) has been proposed for the preoperative diagnosis
of carotid stenosis, or possibly a combination of two
noninvasive imaging methods (15).

The practice of using only noninvasive imaging for
the assessment of carotid stenosis degree is not uni-
versally accepted (16–19), and it has been stated that
proper validity assessment of noninvasive methods
against conventional angiography within individual
centers is required, including the risk of stroke due to
angiography (7, 19). As long as there are no published
reports from randomized studies based solely on non-
invasive imaging methods, many institutions still per-
form carotid endarterectomy based on noninvasive
imaging only in those cases where there are contra-
indications to angiography.

However, noninvasive imaging methods can be
advocated for the screening of carotid artery dis-
ease to reduce the number of invasive angiographic
procedures (i.e., only those patients with probable
significant stenosis are subsequently selected for
angiography).

Color Doppler sonography is a safe, relatively in-
expensive and noninvasive method for detection of
stenosis in the carotid artery. However, large variabil-
ity exists in the performance of Doppler sonography

to reliably assess hemodynamically significant carotid
stenosis (20). Even though CT angiography has some
disadvantages in comparison with other noninvasive
imaging methods, such as exposure to ionizing radia-
tion and use of potentially nephrotoxic contrast me-
dia, this technique has the potential to be used as a
screening method for symptomatic patients with ce-
rebrovascular disorders. The most common imaging
technique for the primary diagnostics of hemispheric
infarcts is CT of the brain. CT angiography could be
easily performed in the same session for these pa-
tients at considerably lower cost compared with MR
angiography, and without transfer of the patient to
another imaging unit.

CT angiography provides several methods to dis-
play vascular structures. Axial source images and
MPRs are the most informative images, containing all
the information of the entire imaged volume, such as
enhanced vascular structures, plaques in the arterial
wall with or without mural calcifications, and ex-
travascular tissues. However, a single axial image or
MPR view displays only a substructure of an arterial
tree. The interpretation of the complex vascular sys-
tem necessitates viewing of several contiguous sec-
tions or views, and usually the interpretation of CT
angiograms is performed interactively on a worksta-
tion (21). Three-dimensional reconstructions such as
maximum intensity projection (MIP), shaded surface
display (SSD), or volume rendering (VR) are able to
display complex arterial anatomy and the findings in
a single view. The interactive interpretation of CT
angiograms in our daily practice includes scrolling of
axial source images together with two MPR views in
orthogonal directions (sagittal and coronal) to ana-
lyze vascular anatomy and pathologic conditions. If
necessary, additional MPR views angled by the direc-
tion of the viewed vessel or curved reformations are
obtained. The powerful computers of the workstation
today allow easy generation of the 3D views; thus, for
example, VR views are quickly available for the over-
view of the vascular anatomy and for demonstration
of findings to the referring physician.

During the past decade, numerous studies showing
good results on the diagnostic performance of single-
section CT angiography to assess carotid stenosis
have been published (22–32). For interpretation of
CT angiograms, 3D views (SSD, MIP, or VR) have
mainly been used. Mural calcification often ham-
pered the depiction of the arterial lumen with a 3D

TABLE 6: Diagnostic performance of CT angiography in the assessment of carotid artery stenosis on the symptomatic side compared with DSA

Analysis Method
of CT Angiography Sensitivity (%) Specificity (%) Overall Accuracy (%) PPV (%) NPV (%)

Visual 100 (21/21) 50 (7/14) 80 (28/35) 75 (21/28) 100 (7/7)
Combined MPR* 95 (20/21) 86 (12/14) 91 (32/35) 91 (20/22) 92 (12/13)
Visual-quantitative† 95 (20/21) 93 (13/14) 94 (33/35) 95 (20/21) 93 (13/14)

Note.—PPV indicates positive predictive value; NPV, negative predictive value. Numbers in parentheses are number of arteries. A 50% stenosis
was the cutoff point for a hemodynamically significant stenosis.

* Combined MPR was considered to be positive when either of the MPR (cross-sectional or oblique sagittal) measurements yielded a positive
result.

† Visual-quantitative analysis consisted of first-line visual CT angiography interpretation and subsequent measurement only for the positive cases.
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view alone, and therefore axial source images or
MPRs were used in cases of calcified stenoses (23–26,
31, 33). In the study by Randoux et al (32), CT angiog-
raphy with oblique MPR images had excellent corre-
lation with DSA in terms of categories of stenosis,
and the sensitivity and specificity of CT angiography
reached 100% for detecting stenoses of 70% or more.

In a recent study, Alvarez-Linera et al (33) re-
ported that contrast-enhanced MR angiography cor-
related better with conventional angiography than did
CT angiography, but only 3D views (i.e., MIP and
SSD) were used for the interpretation of CT angiog-
raphy. However, the radiologist must be aware of the
technical principles underlying those 3D reconstruc-
tion methods to avoid pitfalls in the evaluation of
vascular lesions (1, 21, 34). Interpretation of CT an-
giography should always include analysis of the entire
imaged volume interactively at the workstation by
using axial images, MPRs, or both; probably, that
might have increased the accuracy of CT angiography
also in the above-mentioned study. When using inter-
active interpretation of axial sections, MPRs, and the
3D view, neither mural calcification nor enhanced
jugular veins hamper the visualization of the carotid
artery, and the carotid artery anatomy in relation to
facial bones can also be displayed.

In the present study, we used the original 2D pro-
jectional data of rotational angiography as the refer-
ence for CT angiography diameter measurements.
Irregular eccentric stenoses with noncircular lumen
are common in carotid arteries. Therefore, the short-
est diameter of the stenosed carotid segment is more
likely to be revealed accurately with rotational an-
giography producing more projections than DSA.
Our study showed that measurements from DSA
tended to give slightly smaller degrees of stenosis
than those of rotational angiography. In the five cat-
egories, rotational angiography and conventional DSA
had considerable disagreement; however, this result is
in line with that of the study by Elgersma et al (5).

The current study showed that, compared with ro-
tational angiography, measurement of the carotid ar-
tery diameter with CT angiography by using MPR
images was quite accurate in normal arteries and in
mildly or moderately stenosed segments, but the ac-
curacy decreased in cases of high-grade stenosis with
a very small minimal diameter of the stenosed lumen.
The scatterplots in Figure 4A and B show that the
measurement of the diameter with CT angiography in
moderately or severely stenosed carotid segments
with a diameter less than 3 mm on rotational angio-
grams had the greatest error. When CT angiography
measurements were compared with DSA measure-
ments (Figs 4C and D and 5), that error was not as
obvious, probably because of the inability of DSA to
catch the view showing the shortest diameter in the
stenosed carotid artery, which might compensate for
the error in CT angiography measurements.

There was considerable variability between the ob-
servers in performing the measurements with CT an-
giography, and the intraobserver reproducibility was
not high either, probably due to the inexperience of

one of the observers in interpreting CT angiographic
studies. Our study indicates that good experience of
the radiologist interpreting CT angiographic studies is
essential. The observers also had different methods
for performing the MPR measurement, which en-
hanced the interobserver variability (Tables 2 and 3).

The intra- and interobserver error (SEE) was not
decreased when comparing the category of significant
carotid stenosis with insignificant stenosis. When us-
ing oblique sagittal MPR images, measurement of
degree of stenosis was even more constant in the
category of significant stenosis, whereas measure-
ment of degree of stenosis from cross-sectional MPR
views was on the same order for the two stenosis
categories. Interpretation of the stenosis site might be
easier and more constant when using cross-sectional
images rather than sagittal images in cases of mild
(insignificant) stenosis. In cases of high-grade steno-
sis, however, there is no difficulty in identifying where
the maximal stenosis is regardless of the view used for
the interpretation.

There are several possible reasons for the inaccu-
rate determination of the diameter in the carotid
artery with a high-grade stenosis. One reason may be
the inability of the observer to place the digital cali-
pers accurately in a stenosed artery with very small
diameter, where the caliper almost hides the vessel
(Fig 1A). Using magnification of the displayed image,
some blurring of the structures occurs. In addition, in
our CT angiography interpretation, we used wide
window and level settings to visualize mural calcifica-
tions properly. The study by Liu et al (35) with a
vessel phantom showed that the application of opti-
mized window and level settings at CT angiography
can reduce the measurement variability, because sub-
optimal window and level settings are the reason for
edge blurring of the enhanced vessel; the smaller the
actual luminal diameter, the greater the potential
measurement error. This phenomenon may partly ex-
plain the failing of the CT angiography measurement
to help accurately assess the diameter in cases of
high-grade stenoses.

In another phantom study, by Suzuki et al (36), the
reconstruction kernel for axial sections and insuffi-
cient attenuation of contrast medium have been pro-
posed as possible sources of errors for assessment of
the contrast column diameter with automated soft-
ware. Movement of the pulsating carotid artery dur-
ing CT angiography also may cause blurring of the
vessel edges and even obscure a high-grade stenosis at
CT angiography (Fig 6). However, if it is obvious that
the measured stenosis degree is not reasonably pre-
cise, as evident in our study, there is no sense in
basing the diagnosis only on a single measurement of
the degree of carotid stenosis.

Conventional angiography is currently the only
widely used reference method in clinical studies. In
previous studies on the accuracy of CT angiography,
DSA has been used as the reference. To be able to
compare results with other studies for diagnostic ac-
curacy of CT angiography, we also used DSA as a
reference in that part of the study. In addition, rota-
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tional angiography has not been used in large ran-
domized studies as a standard, and in our study rota-
tional angiography was not always performed on the
symptomatic side, to avoid additional risks of
angiography.

Although measurements of the absolute diameter
with CT angiography were inaccurate compared with
those of rotational angiography, especially in cases of
high-grade stenosis, the diagnostic performance of
CT angiography proved to be good in comparison
with DSA (Table 5) when using a cutoff point of 50%
or greater for the degree of hemodynamically signif-
icant stenosis, which is justified because some patients

with a 50–69% stenosis in the carotid artery benefit
from carotid endarterectomy (7).

During interpretation of CT angiography, it was
obvious for the observers that the actual stenosis was
often more severe than the numerical value of the
MPR measurement (Fig 5). Perhaps further studies
will give information on the optimal display of CT
angiography to accurately measure the degree of ca-
rotid stenosis. Until then, however, we recommend
that visual estimation of the stenosis be included for
the diagnosis. In addition to the interpretation based
on absolute diameter measurements, a third radiolo-
gist without knowledge of the measurements of the

FIG 5. A and B, Selective angiogram
of the left carotid artery (A) shows a
stenosis in the proximal ICA (arrow),
which was measured to be 58%.
Three-dimensional rotational angio-
gram of the same carotid artery (B),
which was reconstructed from the 80
original projections, shows the steno-
sis (arrow) without overlapping arterial
branches. Note that only the original
projection images (not shown) instead
of 3D reconstructions were used in the
study as the reference for CT angiog-
raphy. The stenosis degree was mea-
sured to be 69% on the original rota-
tional angiograms (not shown).

C and D, CT angiographic cross-
sectional (C) and oblique sagittal (D)
MPR images show no mural calcifica-
tion at the maximum stenosis (arrow).
White lines on the carotid artery indi-
cate the manually measured diameters
of the vessels. Cross-sectional MPR
image (C) shows the noncircularity of
the lumen at the stenosed level. With
CT angiographic measurements by the
two radiologists, the stenosis degree
was underestimated by 28–38% on
the cross-sectional MPR images com-
pared with rotational angiographic
measurements. The underestimation
rate was lower (2–18%) with use of
oblique sagittal MPR images. In this
particular case, the stenosis degree
was visually estimated to be 70% with
CT angiography
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two observers visually interpreted CT angiograms by
using interactive interpretation of axial sections and
MPR views for the diagnosis and simply estimated the
degree of stenosis. Visual estimation proved to be the
most sensitive method for identification of carotid
stenosis of 50% or greater, but specificity was only
modest. The combination of interactive interpreta-
tion of CT angiograms with subsequent MPR mea-
surements for selected cases achieved the best diag-
nostic accuracy (Table 6).

In the present study, CT angiography for the symp-
tomatic side showed sensitivity of 95%, specificity of
93%, and overall accuracy of 94%. The only false-
positive case in CT angiography was possibly under-
estimated with DSA, because the degree of stenosis
was significantly higher at rotational angiography.
One false-negative case (Fig 6) was underestimated
with MPR measurements but was nonetheless inter-
preted to be a significant stenosis in the interactive
interpretation of CT angiography. In the study by
Anderson et al (30), CT angiography with the inter-
pretation of axial source images proved to be 89%
sensitive, 91% specific, and 90% accurate in the de-
tection of carotid stenosis greater than 50%. Our
result is comparable to the result of that study, which
was carried out with a single-detector device, but
contrary to the study by Anderson et al, we did not
have any unsuccessful CT angiographic studies to
exclude from the analysis. The use of bolus tracking
during the performance of CT angiography ensures

sufficient attenuation of contrast medium in target
vessels. In addition, the use of high-concentration
contrast medium for CT angiography has been rec-
ommended (37). Before scanning, training the patient
is also essential to reduce artifacts due to swallowing
and moving.

For contrast-enhanced MR angiography, sensitivi-
ties as high as 100% for carotid stenosis have been
reported, but spatial resolution remains poor for
small vessels (38). CT angiography with the multi-
detector row technique has excellent spatial resolu-
tion also for smaller structures, but artifacts some-
times hamper the visualization of short stenoses (21).
Our study was performed with a four-channel CT
device. The capacity of newer multi-detector row CT
devices with up to 64 sections per rotation is superior
to the device used in our study. The 16-channel multi-
detector row CT device currently available for carotid
imaging in our department produces images with
fewer artifacts. In addition, the use of electrocardio-
graphic gating developed for cardiac imaging signifi-
cantly reduces movement artifacts in CT angiography;
electrocardiographic gating can also be used for ca-
rotid arteries in cases with suspicion of tight stenoses.
Alternatively, in ambiguous cases, the use of conven-
tional angiography is advisable. Arguments for the
use of conventional angiography for the confirmation
of high-grade stenosis in symptomatic patients have
also been proposed earlier to ensure appropriate
treatment decisions (19).

FIG 6. A, Right anterior oblique DSA image reveals high-grade stenosis (arrow) in the left ICA; degree of stenosis was calculated to
be 82%. A high-grade stenosis is also present at the origin of the left external carotid artery.

B–D, CT angiograms verify the stenosis of the ICA (short arrow). Left sagittal view of 3D reconstruction MIP image (B) also shows
stenosis of the external carotid artery. CT angiographic sagittal (C) and cross-sectional (D) MPR views reveal the stenosis in the ICA
(short arrow) without over projection of mural calcification (long arrow). On the MIP image (B), mural calcification (long arrows) is over
projected with the lumen. The degree of stenosis was considerably underestimated with CT angiography using the MPR measurements.
However, the hemodynamic significance of the stenosis was obvious in the interactive interpretation of CT angiograms.

E and F, Rotational angiograms show that notable pulsation movement of the stenosed artery in the craniocaudal direction (arrow) can
be detected when comparing the location of the stenosis to the upper endplate of the third cervical vertebra between these two images
obtained in different phases of the cardiac cycle. The movement artifact might have caused extra blurring of the vessel wall on CT
angiograms obtained without electrocardiographic gating.
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Compared with subtracted contrast-enhanced MR
angiography, CT angiography also demonstrates ath-
erosclerotic changes inside the arterial wall with some
morphologic characteristics of the plaque. Ulcerative
plaques in carotid arteries may be the source of
thromboembolism into the cerebral circulation (39).
There was moderate agreement between the modal-
ities for the detection of ulceration in the present
study. Without proper verification of the plaque
(pathoanatomic diagnosis), the true accuracy of each
technique remains unknown. The accuracy of CT
angiography for detection of carotid artery occlusion
was high in our study, which is in agreement with that
of previous studies (25, 30, 40).

The sensitivity of CT angiography in this study was
excellent (100%) for the detection of distal lesions in
the ICA. Other clinically relevant findings may also
be revealed, such as intracranial aneurysms (41),
which favors the use of CT angiography over Doppler
sonography for noninvasive carotid imaging in symp-
tomatic patients. Techniques enabling the removal of
bone structures are under development (42), but ac-
cording to our experience, evaluation of the ICA
within the bone structures of the skull base with an
interactive interpretation is sufficient for the purpose
of diagnosis. The problem with CT angiography in
intracranial stenoses is the prevalence of mural calci-
fications, manifesting sometimes as false-positive dis-
tal lesions in the ICA. Combining 3D time-of-flight
MR angiography with CT angiography has been
shown to improve the accuracy of the evaluation of
intracranial steno-occlusive disease compared with
the use of MR angiography alone (43).

There are some limitations in our study. The num-
ber of the patients is small, leading to a limited num-
ber of symptomatic carotid arteries, and some pa-
tients also had a normal carotid artery even on the
symptomatic side. Further, there were few cases with
distal carotid stenosis, leading to difficulties in inter-
pretation of the results with regard to distal lesions.
The window and level settings for interpretation of
CT angiograms were selected empirically, but were
selected so that the mural disruptive calcifications
could be well differentiated from the enhanced vessel
lumen (Fig 6). Actually, the proper window and level
settings for the display of carotid stenosis with mural
calcifications is still not known, although the use of a
specifically adjusted narrow window setting has been
proposed (21).

Commercial software is available for assessment of
arterial stenosis. In our recent study, the reproduc-
ibility of commercially available automated 3D CT
angiography analysis software proved to be good for
assessment of carotid stenosis; however, this method
requires the use of manual corrections in cases of
interfering factors (44). In that ongoing study, we
wanted to assess the manual method available for all
CT users to measure carotid stenosis. In our current
study, the measurement of diameters was performed
only once without averaging of multiple measure-
ments. That could be a limitation of the study, but
usually in routine clinical work we seldom do multiple

measurements. Interpretations of the studies also
were performed in a clinical setting, sometimes lead-
ing to different interpretation of the stenosis site even
between two different MPRs.

Conclusion
The result of the present study indicates that CT

angiography with a single cross-sectional MPR or
oblique sagittal MPR measurement of stenosis de-
gree is not accurate enough to permit a clinical deci-
sion on further treatment in cases of high-grade ste-
nosis. We recommend the use of the interactive
interpretation of CT angiography to verify carotid
stenosis, which sometimes reveals a hemodynamically
significant carotid stenosis even though the measure-
ment from either MPR image indicates insignificant
stenosis (� 50%).

CT angiography with the new multi-detector row
technique was found to achieve good diagnostic ac-
curacy in comparison with DSA. High sensitivity of
CT angiography justifies the use of this method for
screening of carotid stenosis in symptomatic patients.
For significant stenoses revealed by CT angiographic
screening, conventional angiography still seems to be
necessary.
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