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BACKGROUND AND PURPOSE: Time-of-flight (TOF) magnetic resonance angiography
(MRA) is commonly used to visualize the carotid arteries; however, flow void artifacts can
appear. Our purpose was to determine the frequency and diagnostic meaning of flow voids by
using real patient data, as part of a larger study of MRA compared with the criterion standard,
digital subtraction angiography (DSA).

METHODS: In 1997–2000, 390 consecutive patients with sonographic findings suggestive of
carotid artery stenosis were included in this study. All patients subsequently underwent
three-dimensional (3D) TOF MRA and conventional DSA. The frequency of flow void artifacts
on 3D TOF MRA images were compared with stenosis measurements on DSA images.

RESULTS: We recorded 107 flow voids (16%) during 3D TOF MRA of 662 carotid arteries.
DSA images were available for comparison in 102 cases. The median percentage of stenosis in
this subgroup of flow voids on MRA images was 80%, compared with measurements on DSA
images according to the North American Symptomatic Carotid Endarterectomy Trial
(NASCET) criteria. Stenoses ranged from 36% to 100% (occlusion). Three flow voids (2.9%)
were in the 0–49% range; 11 (10.8%), in the 50–69% range; and 86 (84.3%), in the 70–99%
range. Two flow voids (2.0%) represented occlusions. The positive predictive value of a flow void
artifact for the presence of severe (70–99%) stenosis was 84.3% (95% CI: 77.3%, 91.4%).

CONCLUSION: Flow void artifacts represented severe stenosis in most of the arteries.
According to our data, the assumption that flow voids on 3D TOF MRA images represent severe
stenosis is justified.

Digital subtraction angiography (DSA) has been
widely used to visualize the carotid arteries. On the
basis of findings from randomized trials, it became
the criterion standard in selecting patients for carotid
endarterectomy (1–4). DSA, however, has a relatively
high risk of morbidity and mortality (5, 6). However,
complication rates of 0.5% for stroke and 0.4% for
transient ischemic attack (TIA) have recently been
reported for DSA (7). Noninvasive tests such as du-
plex ultrasonography (DUS) and magnetic resonance
angiography (MRA) are therefore increasingly used

in the diagnosis of carotid artery stenosis to avoid the
risks associated with DSA (7–12). The most com-
monly used technique is time-of-flight (TOF) MRA.
New techniques, such as contrast-enhanced MRA,
seem promising for the future (13–15). To date, how-
ever, only a few groups have reported the results of
contrast-enhanced MRA validated against the crite-
rion standard of DSA (12).

One of the main problems in imaging the carotid
arteries with TOF MRA is the possibility of flow void
artifacts (signal intensity loss near the stenosis) (16).
This phenomenon is believed to occur especially in
the stenotic lumen of arteries because of turbulence
of the blood flow. In imaging the carotid arteries, the
frequency of flow voids might be 10–20%. Therefore,
most diagnostic studies of MRA use the assumption
that a flow void represents severe (70–99%) stenosis
(17–20). This assumption is mostly based on technical
explanations rather than on the results of clinical
studies. One group (21) studied the appearance of
flow void artifacts by using DSA as the criterion
standard in a series of 50 patients. They observed
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good accuracy regarding concordant DUS findings
and the presence of a void on MRA images in the
recognition of severe stenosis.

In our opinion, the correct interpretation and esti-
mation of the degree of stenosis of a flow void artifact
is of crucial importance in the interpretation of TOF
MRA test results in clinical practice. In the present
study, our purpose was to determine the frequency
and diagnostic meaning of flow voids by using real
patient data, as part of a larger study in which MRA
was compared with the criterion standard of DSA
(22). However, in deciding whether noninvasive test-
ing can replace DSA in providing a valid estimate of
the diagnostic value of MRA and DUS, a cost-effec-
tiveness analysis should be performed (7, 22).

TOF MRA
TOF MRA is a gradient-echo technique in which

contrast material is obtained with the inflow of fresh
unsaturated blood through an image section with
(pre)saturated static tissue. This process makes visu-
alization of the lumen of an artery possible. Both
two-dimensional (2D) and three-dimensional (3D)
techniques are applied. 2D TOF MRA uses very thin
sections as imaging volumes. The signal intensity of
blood is high, making the technique sensitive in dis-
tinguishing slow flow from occlusions. The imaged
volume in 3D TOF MRA is larger. Compared with
2D TOF MRA, 3D techniques have higher spatial
resolution, a greater signal-to-noise-ratio, and lower
sensitivity for voids because of the smaller voxels and
shorter echo time. With 3D TOF MRA, the degree of
stenosis can be measured according to the North
American Symptomatic Carotid Endarterectomy
Trial (NASCET) criteria (1) by using postprocessing
maximum-intensity projections (MIPs) of the bifurca-
tion of the carotid artery.

Flow Voids
In imaging the carotid arteries, the frequency of

flow voids on TOF MRA images might be 10–20%.
Flow voids are considered to be caused by blood flow
disturbances near a stenosis. On the basis of the
technical explanations, however, the exact determina-
tion of the degree of stenosis remains impossible.
When reading TOF MRA images, one should realize
that this technique does not provide purely morpho-
logic images. Instead, it relies on the signal intensity
created by flowing blood. For this reason, a direct
comparison of DSA and TOF MRA is not at all
straightforward. A common problem with 2D or 3D
TOF MRA is the local reduction of signal intensity or
even the total loss of signal intensity due to spin
dephasing caused by complex flow patterns distal to
high-grade stenoses (23). The severity of such dephas-
ing artifacts have been shown to depend on the gra-
dient wave forms of the imaging sequence (24) and on
many parameters related to the hemodynamics of the
stenosis, such as its geometry, the average blood flow
velocity, the Reynolds number, the turbulence inten-
sity, and the turbulent fluctuation velocity (25). Be-

cause of the complex nature of the appearance of the
poststenotic signal intensity on TOF MR angiograms
and especially because of the hemodynamic aspects
involved, accurate grading of stenoses on MR images
remains difficult from a technical point of view, even
with knowledge of the flow rate. Still, flow-induced
signal intensity loss (also called a flow void) distal to
a stenosis in the internal carotid artery on TOF an-
giograms is assumed to reflect the presence of a
severe (70–99%) stenosis.

In this study, we tested the assumption that the
conclusion of severe (70–99%) stenosis is appropriate
when a flow void is observed with TOF MR. Because
of the clinical relevance of selecting the appropriate
patients for carotid endarterectomy, we studied the
incidence of this phenomenon and validated the ap-
pearance of flow voids in relation to stenosis mea-
surements on DSA.

Methods

Study Population
From January 1997 to November 2000, 390 consecutive

patients with carotid artery stenosis at DUS and scheduled to
undergo DSA before possible carotid endarterectomy were
included in the prospective diagnostic study (296 male, 94
female; mean age, 67 years; age range, 39–88 years). Subse-
quently, all patients underwent MRA. Ninety-one percent of
the patients had symptoms of carotid artery disease (TIA,
minor disabling ischemic stroke, or amaurosis fugax) in the
prior 6 months, and 9% of the patients were asymptomatic. We
excluded patients who had contraindications for MRA, such as
metal implants not suitable for MR imaging or claustrophobia.
All patients provided written informed consent. Our study was
approved by the medical ethics committees of the participating
hospitals. The baseline characteristics of the patients are listed
in Table 1. The accuracies of MRA and DUS in comparison
with DSA from the total study population will be published
elsewhere (22).

Diagnostic Tests
All patients underwent DUS, DSA, and MRA within 1

month. The degree of stenosis on DUS was determined on the
basis of the peak systolic velocity (PSV) in the proximal part of
the ICA, which is the most accurate estimator of the degree of
stenosis at DUS (26). We used a PSV of 270 cm/s as the
threshold representing 70% stenosis and a PSV of 210 cm/s to
represent 50% stenosis, as assessed with DSA (27).

DSA was performed with the selective positioning of an
intraarterial catheter in both common carotid arteries by using
the Seldinger technique. Two or three projections—lateral,
posteroanterior, or ipsilateral oblique—were acquired in each
carotid bifurcation.

MRA was performed with a 1.5-T MR imaging system by
using the 3D TOF technique. A 3D spoiled gradient-echo
acquisition was applied by using the following parameters:
TR/TE/NEX, 30/6.9/3; excitation angle, 15°; field of view, 96 �
120; acquisition matrix, 147 � 256; and 50 sections with a
1.0-mm thickness reconstructed to 100 0.5-mm-thick sections.
A quadrature head coil was used as a receiver coil. The imaging
duration was about 9 minutes. Postprocessing subvolumes were
generated to isolate each carotid artery and to create 12 MIP
images that were radially projected at 15° increments (rotation
about the long axis of the body).

One observer in each hospital (including A.v.d.L.) read the
DSA and MRA test results. The observer was blinded to
the clinical information and to the results of the other tests.
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The DSA and MRA results were independently read, with a
period of at least 1 month between the readings. The observers
examined hard-copy DSA and MRA images. The stenoses
were measured on both DSA and MRA images according to
the NASCET criteria (1). Flow voids were defined as the
complete loss of signal intensity in the internal carotid artery
for a minimal length of 1 mm on the MIPs of both 2D and 3D
TOF MRA images. By definition, the signal intensity had to
reappear distal from the flow void in the ICA. To assess the
interobserver variability in recognizing a flow void artifact, a
second observer read the images of a subseries of 200 consec-
utive patients.

The quality of all DSA examinations was assessed by using
scores of 1–3 in which 1 indicated good; 2, moderate; and 3,
inferior. The overall quality of the examination as well as more
detailed items such as over-projection and applicability to mea-
sure the degree of stenosis was incorporated.

Analysis
The frequency of flow voids at MRA was calculated in the

total study population. From the flow voids observed at MRA,
the corresponding estimated stenosis at DSA and DUS was
recorded. Proportions from the voids for the categories of
stenosis (0–49%, 50–69%, 70–99%, 100%) were calculated.
The positive predictive value of flow voids for presence of
severe stenosis was estimated by using DSA as the criterion
standard. Interobserver variability in recognizing a flow void was
assessed by estimating the ê value. We also studied whether the
degree of stenosis at DSA (in case of a flow void at MRA) was
related to the quality of the test by using the �2 test.

Results

From the total of 390 patients, the following num-
bers of stenosis measurements from the symptomatic

side were interpretable and could be included in the
analyses: from DSA, 360; DUS, 372; and MRA, 341.
Some values were missing because 1) it was not al-
ways feasible to perform all three tests before surgery,
2) some patients withdrew from the study after com-
pleting one or two tests, and 3) the test was not always
correctly performed according to our study protocol.
With DUS, the PSV was not measured on some
occasions. Finally, the stenosis could not be measured
in 10 and seven patients because of poor quality and
reliability of the recordings made at MRA and DSA,
respectively.

TOF MRA images of sufficient quality were avail-
able in 662 carotid arteries. During the readings of
these images, 107 flow voids (16.2%) were recorded.
DSA images were available in 102 of the 107. The
median percentage of stenosis from the flow voids
was 80%, and the stenoses ranged from 36% to 100%
(occlusion) when they were compared with the steno-
sis measurements on DSA images, according to the
NASCET criteria. In comparison with DSA, three
flow voids (2.9%) were the 0–49% range of stenosis;
11 (10.8%), in the 50–69% range; 86 (84.3%) in the
70–99% range. Two (2.0%) represented an occlusion
(Table 2). In the group of severe (70–99%) stenosis,
nine cases of slow flow or the string sign were re-
corded, according to the DSA findings. These were
graded as 99% stenoses.

The positive predictive value of a flow void artifact
for presence of severe (70–99%) stenosis, according
to DSA results, was 84.3% (95% CI: 77.3%, 91.4%).
The ê statistic for interobserver variability in recog-
nizing a flow void was 0.81 (95% CI: 0.76, 0.83).

MRA, DUS, and DSA results were assessed in 98
of 108 carotid arteries in which MRA showed a flow
void artifact. Table 3 illustrates the concordant and
discordant findings determined by tabulating DUS
results versus DSA results. DSA did not reveal a
severe (70–99%) stenosis in 16 cases in which MRA
showed a flow void. In 10 of the 14 arteries in which
DSA showed a stenosis of less than 70%, DUS did
show severe stenosis.

A trend was observed between the quality of DSA
images and the proportion of the carotid arteries in
which the angiogram showed severe stenosis. The
proportion was 87.5% in the group of DSA images
with good quality and decreased to 78.3% in the
group with moderate quality and to 71.4% in the

TABLE 1: Baseline Characteristics of the Study Population

Characteristic Value

Age (y)
Mean 67
Range 39–88

Sex (N � 390) (%)
Male 76
Female 24

Symptoms* (%)
Amaurosis fugax, retinal 20
Transient ischemic attack 38
Stroke 33
Asymptomatic 9

Hypertension (%) 48
Diabetes (%) 15
Cardiac history (%)

Angina 18
Myocardial infarction 16
Heart failure 6
Bypass-surgery or PTCA† 11

Peripheral arterial disease (%)
Claudication 15
Surgery or PTA‡ 8

Smoker, %
Yes 49
Former 34

* Present 0–6 months prior to the patient’s inclusion into the study.
† Percutaneous transluminal coronary angioplasty.
‡ Percutaneous transluminal angioplasty.

TABLE 2: Degree of Stenosis at DSA in 102 Flow Voids on Time-of-
flight MRA Images

Degree of Stenosis at
DSA

Flow Voids
(n � 102)

0–49% 3 (2.9)
50–69% 11 (10.8)
70–99%* 86 (84.3)
100% (occlusion) 2 (2.0)

Note.—Data in parentheses are percentages.
* In the group of severe (70–99%) stenosis, nine cases of slow flow

or the string sign were recorded, according to the DSA findings. These
were graded as 99% stenoses.
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group with inferior quality (Table 4). However, this
trend was not significant (P � .15, �2 test).

Figures 1 and 2 show examples of flow voids on 3D
TOF MRA images with concordant (Fig 1) and dis-
cordant (Fig 2) DSA findings.

Discussion
In visualizing the carotid arteries with 3D TOF

MRA, we found that the frequency of flow void arti-
facts near the stenoses was 16%. Flow voids are often
considered to represent severe (70–99%) stenosis on
the basis of technical explanations. In the present
clinical study, the positive predictive value of a flow
void artifact for presence of severe (70–99%) stenosis
was 84.3% according to the criterion standard of
DSA. The median percentage of stenosis was 80%;
stenoses ranged from 36% to 100%. In this clinical
study, flow void artifacts represented severe stenosis
in most of the arteries.

According to results of randomized trials, patients
with a symptomatic severe (70–99%) stenosis of the
ICA benefit from carotid endarterectomy. Patients
with a 50–69% stenosis have a smaller benefit, and
the publication of more determinants for selecting the
appropriate subpopulation for surgical treatment is
expected in the near future (3). The diagnosis of
70–99% stenosis remains crucial in the workup of
patients with carotid artery disease. DSA has tradi-
tionally been the criterion standard for estimating the
degree of stenosis in the ICA on basis of previous trial
results. Because of the relative high risk of complica-
tions with DSA, noninvasive techniques such as MRA
and DUS are increasingly used. A commonly applied
technique is TOF MRA. If DSA is to be replaced,
patients have to be selected for surgery on basis of
MRA findings, most likely obtained after screening

with DUS. The occurrence of flow related artifacts is
one of the drawbacks of the TOF technique. How-
ever, the correct interpretation of the results is also
important, with view on the decision to perform ca-
rotid endarterectomy. In the current study, patients
whose DUS results suggested carotid artery stenosis
were examined with TOF MRA. Flow void artifacts
appeared in 16% of the observed arteries, which we
think is relatively often. Although this population was
selected because the patients were screened with
DUS before undergoing DSA and MRA, it is exactly
the group in whom MRA would be performed if DSA
is replaced. In a noninvasive strategy, MRA is still
likely to be preceded by DUS. Therefore, a flow-void
frequency of 16% with MRA is a realistic number for
clinical practice.

New developments, such as contrast-enhanced
MRA, might decrease the problem of flow-related
artifacts in the near future (13–15). The frequency of
voids is expected to be lower, but the problem of
artifacts has not yet been resolved with the introduc-
tion of this technique. Furthermore, the exact causes
of artifacts with this technique remain unknown. Con-
trast-enhanced MRA has not yet been validated in
large series by using DSA as the reference test. How-
ever, this technique shows promising first results in
the imaging of carotid arteries, and its widespread
assessment is expected in the near future.

Our data confirm the assumption that a flow void at
TOF MRA represents a severe stenosis. In 84% of
the voids that appeared in our study, the criterion-
standard DSA results revealed a 70–99% stenosis.
The voids ranged from 36% to 100%. In 14% of the
cases (14 arteries), the stenosis was less than 70%.
However, 10.8% of this group (11 arteries) was in the
50–69% category. The remaining two represented
occlusion (100% stenosis) according to the DSA re-
sults. The DSA images that did not show severe ste-
nosis seemed to be of lower quality, compared with
the images that did show severe stenosis. Although
this difference was not significant, we believe that
finding this strengthens our conclusion that a flow
void can be considered a severe stenosis in the
workup of a patient before possible carotid endarter-
ectomy. In all 16 cases in which a flow void on MRA
images did not represent a severe (70–99%) stenosis
on DSA images, a senior radiologist (W.P.Th.M.M.)
and a senior vascular surgeon (B.C.E.). retrospec-
tively re-evaluated the DUS and DSA results. In
seven examinations, this nonblinded re-evaluation re-
vealed the inferior quality of the DSA images, which
made adequate measurement of the stenosis difficult.
In these cases, the readers could not decide on carotid
endarterectomy on basis of the presented DSA find-
ings alone. In four cases, the stenosis or atheroscle-
rotic disease seemed worse than that indicated by the
stenosis measurement according to the protocol, and
together with the DUS results, the readers tended to
advise carotid endarterectomy. In five cases, the re-
viewers made no comment about the DSA or DUS
examinations. In our series, the total number of cases
involving a flow void that had available criterion-

TABLE 3: Categorized degree of stenosis on DUS and DSA. All 98
carotid arteries in this table were recognized as flow voids on MRA

Categories of Stenosis
at DUS

Categories of Stenosis at DSA

0–49% 50–69% 70–99% 100% Total

0–49% 0 0 0 0 0
50–69% 0 1 2 0 3
70–99% 3 10 79 1 93
100% 0 0 1 1 2
Total 3 11 82 2 98

TABLE 4: Quality of DSA Images and the Degree of Stenosis
Depicted

Quality of DSA Images

No. of Arteries by Degree of Stenosis

�70% or
100% 70–99%*

Total
(n � 102)

Good 9 (12.5) 63 (87.5) 72 (100)
Moderate 5 (21.7) 18 (78.3) 23 (100)
Inferior 2 (28.6) 5 (71.4) 7 (100)

Note.— All 102 carotid arteries in the table were recognized as flow
voids at MRA. Data in parentheses are percentages.

* Not significant linear-by-linear association (P � .15, �2 test).
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standard images was relatively large. In most cases in
which MRA showed a flow void and in which DSA
had not shown severe stenosis, the quality of the
reference image was inferior or the stenosis seemed
worse than that indicated by only the measurement of
the degree of stenosis. The belief that the DSA im-
ages from the group with stenosis of less than 70%
had shortcomings in establishing the severity of the
disease was confirmed by the fact that DUS did show
severe stenosis (PSV � 270 cm/s) in 10 of the 14
arteries.

The present results validate the finding of flow

voids artifacts on MRA images in a clinical series.
These data, however, remain insufficient for use in
policy-making decisions. Over the last decade, many
diagnostic studies have been conducted to compare
MRA with DSA. However, a recent review of reports
on this topic published between 1993 and 1998 criti-
cized the design of the studies (28). Often, the study
populations were small, or the diagnostic test results
were collected retrospectively. Furthermore, from the
limited published evidence available to date, the cost-
effectiveness of carotid endarterectomy and of the
preoperative investigations remains unclear (29). To

FIG 1. Images in a 70-year-old man with
a minor stroke of the right hemisphere.

A, MRA image shows a long flow-void
artifact (arrow).

B, DSA image clearly shows a severe
(70–99%) stenosis in the internal carotid
artery (arrow).

FIG 2. Images in a 64-year-old man with
a TIA of the right hemisphere.

A, MRA image shows a short flow-void
artifact distal to a visible irregular plaque
in the internal carotid artery (arrow). All
other available projections of the 3D TOF
MRA images (except for two directions
with over-projection that made the inter-
nal carotid artery invisible, 12 total)
showed an interruption in the blood-flow
signal intensity. The flow void was con-
firmed on the transversal 2D TOF MRA
images.

B, DSA image also shows the irregular
stenosis with an ulcerated plaque in the
internal carotid artery. The measurement
of the most severe stenosis with DSA,
however, revealed a moderate (50–69%)
stenosis (arrow).
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be able to decide on carotid endarterectomy on the
basis of a flow void artifact or on MRA findings in
general, the accuracy of MRA must be assessed in a
sufficiently large cohort. Furthermore, to make the
right policy decisions and to provide a valid estimate
of the accuracy of noninvasive testing, the cost-effec-
tiveness of the techniques should be taken into ac-
count.

Conclusion
In our opinion, flow voids, which appear in 16% of

TOF MRA images of the carotid arteries, must be
assessed with care in the interpretation of TOF MRA
results in clinical practice. In our patient series, flow
void artifacts represented severe stenosis in most of
the arteries. We believe that this finding is strength-
ened by the fact that the quality of the DSA images
tended to be worse and that DUS showed severe
stenosis in most of the arteries in the group in which
DSA showed stenosis of less than 70%. In general,
the assumption that a flow void on a 3D TOF MRA
image represents severe stenosis is justified.
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