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ABSTRACT

BACKGROUND AND PURPOSE: Dual-source CTA and black-blood MRA are recently developed techniques for evaluating carotid ste-
nosis. The purpose of this study was to compare dual-source CTA with black-blood MRA and conventional TOF MRA in both detecting
carotid stenosis by using DSA as a reference standard and demonstrating plaque morphology.

MATERIALS AND METHODS: Thirty patients with suspected carotid artery stenosis underwent unenhanced MRA by using black-blood
and TOF MRA and dual-source CTA. Source images from unenhanced MRAs and dual-source CTA were reconstructed with MIP or curved
planar reconstruction. The degree of carotid artery stenosis was measured, and plaque surface morphology at the stenosis was analyzed
and compared among different techniques.

RESULTS: Good correlation was observed for measuring the degree of carotid stenosis among dual-source CTA, black-blood MRA, TOF
MRA, and DSA. Sensitivity and specificity for detecting severe stenosis were 100% and 97% with dual-source CTA, 100% and 95% with
black-blood MRA, and 79% and 95% with TOF MRA. None of the 3 technologies resulted in stenosis of <50% being overestimated. Plaque
surface irregularity or ulceration was more frequently detected with dual-source CTA and black-blood MRA than with TOF MRA and DSA.

CONCLUSIONS: This preliminary study shows that black-blood MRA is a promising technique, comparable with dual-source CTA and
DSA, but better than TOF MRA, in the evaluation of carotid stenosis. Unlike dual-source CTA, black-blood MRA requires no intravenous
contrast or radiation.

ABBREVIATIONS: BB MRA = black-blood MRA; DSCTA = dual-source CTA

arotid artery atherosclerosis is a major cause of ischemic cere-
brovascular disease."”> Measurement of carotid stenosis and
demonstration of plaque morphology are critical for the manage-
ment of patients with carotid atherosclerosis. DSA is the current
reference standard for evaluating carotid artery stenosis. The di-
agnostic role of DSA has largely been replaced, however, by non-
invasive techniques such as sonography, CTA, and MRA.
Sonography has been the most commonly performed tech-
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nique but may be restricted by its operator dependence and lim-
ited coverage. CTA is another widely used technique for the eval-
uation of carotid artery stenosis with high accuracy.’ Dual-source
CTA (DSCTA) uses 2 x-ray sources and 2 detectors at the same
time. With this technique, 2 images can be simultaneously ac-
quired with different tube voltages; this feature has been shown to
be an advantage for the evaluation of densely calcified carotid
stenosis.”” Contrast-enhanced MRA has been established as an
alternative for carotid imaging with a diagnostic accuracy similar
to that of CTA.*” Both CTA and contrast-enhanced MRA use
contrast media and are restricted in patients with impaired renal
function, and CTA also requires ionizing radiation. As a result,
unenhanced MRA without gadolinium is a desirable alternative,
especially in patients with renal failure. Conventional TOF MRA
has been widely used in clinical practice for carotid visualization,
but it is limited by local reduction of signal intensity related to
slow and turbulent flow and also prolonged imaging time.® T2-
weighted black-blood MRA (BB MRA) is a newly developed tech-
nique showing potential in the evaluation of both the lumen and
the wall of the carotid artery after optimal suppression of the



signal from flowing blood.”'® Few studies, to our knowledge
however, have compared DSCTA with BB MRA and conventional
TOF MRA in evaluating carotid stenosis.

The aim of this study was to prospectively and intraindividu-
ally compare these 2 unenhanced MRA methods with DSCTA in
detecting carotid artery stenosis by using DSA as the standard of
reference and in demonstrating plaque morphology.

MATERIALS AND METHODS

Patients

Between December 2013 and March 2014, 30 patients (mean age,
65 * 13 years; 22 men and 8 women) suspected of having carotid
atherosclerotic disease were prospectively enrolled in the study.
All patients underwent DSCTA, TOF and BB MRA, and DSA
sequentially within 2 weeks. The examinations were approved by
the local medical ethics committee, and informed consent was
obtained from each patient.

DSCTA

All examinations were performed on a dual-source CT system
(Somatom Definition; Siemens, Erlangen, Germany). With a
power injector, 50-70 mL (according to the patient’s body
weight) of nonionic iodinated contrast media (iopamidol, To-
pamiron 370; Bracco, Milan, Italy) was injected into an antecubi-
tal vein at a flow rate of 5.0 mL/s followed by a 25-mL saline flush.
CT was initiated by using a bolus-tracking technique at the level of
the aortic arch with a trigger threshold of 100 HU. Acquisition
parameters were 140 kV and 80 mAs_ on tube A and 80 kV and
234 mAs, on tube B. Each detector was collimated to 32 X 0.6
mm with a flying focal spot, and a pitch of 0.65 was applied.
Images were reconstructed with a dedicated D30 reconstruction
algorithm. Section thickness and increment were 1.0 and 0.7 mm,
respectively. Two individual stacks of images for each detector (80
kV and 140 kV images) and dual energy mixed images were re-
constructed. The latter contained weighted information from
both detectors with a weighting factor of 0.3, thus approximating
regular 120-kV images.

The raw DSCTA images were transferred to a workstation with
commercially available dual-energy postprocessing software
(syngo Dual Energy; Siemens). Automatic bone removal was per-
formed without further manual adjustments of the algorithm.
The DSCTA images before and after bone removal were used for
both reconstruction and diagnostic reading. The DSCTA images
after bone removal were considered supplements in case calcified
plaque affected the evaluation of carotid stenosis.

MRA

All examinations were performed on a 3T MR imaging system
(Magnetom Verio; Siemens) using a head and neck coil. 3D TOF
was acquired first with the following parameters: TR = 19 ms;
TE = 3.6 ms; flip angle = 18°% FOV = 240 X240 mm; matrix =
256 X 256; section thickness = 0.8 mm; section number = 40;
mean acquisition time = 5:33 minutes. After that, 3D BB MRA
was performed with a fat-saturated T2-sampling perfection with
application-optimized contrast by using different flip angle evo-
lution sequence in the coronal plane. Imaging parameters were as
follows: TR = 1800 ms; TE = 168 ms; FOV = 240 X 240 mm;

matrix = 256 X 256; section thickness = 0.8 mm; section num-

ber = 50; mean acquisition time = 5:47 minutes.

DSA

DSA was performed via femoral artery catheterization by using
the digital subtraction technique (Axiom Artis dTA; Siemens).
Common carotid arteries were selectively catheterized. Images
were obtained in anteroposterior, lateral, and 2 oblique projec-
tions for each catheterization.

Image Analysis

Commercially available 3D software (syngo, Siemens) was used to
create MIP, MPR, and curved planar reconstructions from the
raw DSCTA and MRA images.

An experienced vascular radiologist reviewed the image qual-
ity of DSCTA and MRA in 2 separate sessions. Image quality was
evaluated on the basis of the following features: vascular attenua-
tion or signal intensity, homogeneity of enhancement, and the
presence of artifacts. It was scored on a 4-point scale as follows: 1,
excellent; 2, good; 3, moderate; and 4, poor visualization or
nondiagnostic.

Each MRA and DSCTA image was assessed by another 2 expe-
rienced vascular radiologists (with 5 and 8 years of experience)
independently in terms of stenosis and plaque morphology. A
third interventional radiologist with 15 years of experience, who
was unaware of the findings of the other examinations, assessed
the stenosis and plaque surface on DSA. The patient’s basic infor-
mation was hidden, and all datasets were analyzed in random
order. DSCTA, BB MRA, and TOF MRA images were evaluated
separately with an interval of 1 week.

The degree of stenosis of each ICA was quantified on DSCTA,
MRA, and DSA images on a similar plane. The diameter of the
most severe stenosis was divided by the diameter of the ICA well
beyond the bulb. The degree of stenosis was graded according to
the NASCET criteria'’: T (1%—-29%), mild stenosis; II (30%—
49%) and III (50%-69%), moderate stenosis; IV (70%-99%),
severe stenosis; and V, occlusion. Plaque surface morphology was
classified as regular, irregular, or ulcerated.'?'® Ulcer was seen as
a crater penetrating into a plaque. A relatively smooth outpouch-
ing between 2 smooth narrowings that was most consistent with
the expected position of the carotid wall would be regarded as a
normal lumen and not ulceration.

Statistical Assessment

The relationship among DSCTA, BB MRA, TOF MRA, and DSA
in grading stenosis was analyzed by using the Spearman rank cor-
relation coefficient. For each unenhanced MRA and DSCTA, in-
terobserver agreement in the evaluation of stenosis and plaque
surface morphology was assessed by using the Cohen k test.
Agreement was defined as mild (k > 0.40—0.69), good (k > 0.70—
0.89), or excellent (k > 0.90-1.00).

RESULTS

In 30 patients, 55 stenoses at the carotid bifurcation were detected
by DSA; 5 patients had unilateral carotid stenosis and 25 had
bilateral carotid stenosis. The quality of DSCTA images was
graded as either excellent (28 cases) or good (2 cases). No relevant
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Comparison of the degree of stenosis with CTA, BB MRA, TOF MRA, and DSA

The Table summarizes the results of

Stenosis Degree on DSA

stenosis measured with DSCTA, BB

Stenosis Degree on

DSCTA/BB MRA/TOF MRA  1%-29%  30%-49%  50%—69% 70%-99% 100%  MRA, and TOF MRA in comparison with
1%-29% 23/23/23 0/0/0 0/0/0 0/0/0 0/0/0  DSA (Figs 1-3). For the measured carotid
30%—49% 0/0/0 7/7/7 0/0/0 0/0/0 0/0/0 stenosis, good correlation was observed
50%-69% 0/0/0 0/0/0 7/6/6 0/0/1 0/0/0 among these 3 techniques and DSA (1> =
70%—99% 0/0/0 0/0/0 1/2/2 14/14/1 0/0/0 . .
100% 0/0/0 0/0/0 0/0/0 0/0/2 N 0.988, 0.986, 0.967, respectively) (Fig 4).

FIG1. A,DSA depictsamoderate stenosis of the ICA. B, Dense calcification on standard DSCTA
interferes with the display of the vascular lumen. C, DSCTA after removal of calcification and
bone clearly demonstrates the stenosis. TOF MRA (D) and BB MRA (E) both accurately depict the
degree of carotid stenosis. An ulcer (white arrows) is detected by all of the examinations except
TOF MRA. F, MPR of BB MRA in a different perspective shows the ulcer.

motion artifacts diminished the quality of the DSCTA images.
The TOF MRA was graded as either excellent (15 cases) or good
(15 cases). The quality of BB MRA images was graded as excellent
in 10 cases and good in 18 cases. In 2 cases, BB MRA was rated as
poor visualization or nondiagnostic because of a limited signal-
to-noise ratio or motion artifacts. These 2 cases with unilateral
carotid stenosis shown on DSA were excluded from further eval-
uation and comparison.
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None of the 3 techniques resulted in the
degree of stenosis <<50% being overesti-
mated. Overestimation occurred in 1 case
of moderate stenosis (50%—69%) with
DSCTA and in 2 cases of moderate steno-
sis with both BB MRA and TOF MRA.
TOF MRA misinterpreted severe stenosis
(70%-99%) as occlusion in 2 cases.

Sensitivity and specificity for detecting
severe stenosis was 100% and 97% with
DSCTA, 100% and 95% with BB MRA,
and 79% and 95% with TOF MRA. Inter-
observer agreement for the evaluation of
the degree of stenosis was excellent for
DSCTA (k = 0.94) and good for BB MRA
(k = 0.81) and TOF MRA (k = 0.85).

Plaque surface irregularity or ulcer was
more frequently identified on DSCTA (18
irregularities and 7 ulcers) and BB MRA
(19 irregularities and 6 ulcers) than on
TOF MRA (15 irregularities and 3 ulcers)
and DSA (16 irregularities and 4 ulcers).
Three plaque ulcers all depicted by
DSCTA, BB MRA, and DSA were not seen
on TOF MRA (Fig 1). Interobserver
agreement for the evaluation of plaque
surface morphology was good for DSCTA
(k = 0.80), BB MRA (k = 0.76), and TOF
MRA (k = 0.71).

DISCUSSION

Accurate evaluation of the degree of carotid
stenosis is essential for guiding clinical treat-
ment. Although DSA is still considered the
criterion standard for the evaluation of ca-
rotid artery stenosis, there are some well-
known limitations, including its invasive-
ness, risk of neurologic complications, and
the potential for variability in the quantifi-
cation of stenosis, especially if limited pro-
jections are acquired.

Noninvasive vascular imaging tech-
niques have gradually replaced DSA for the
diagnosis of carotid artery stenosis. Previous studies have already
proved the capabilities of both CTA and MRA to reliably determine
the degree of carotid stenosis.>'*'” In addition, studies have shown
that CT and MR imaging may provide supplemental information
about the composition and morphology of plaque.'®>

Due to its high spatial resolution and fast imaging, CTA has
been widely used in the examination of the carotid artery. Identi-
fication of calcified plaque is another advantage of CT, which is



FIG2. DSA (A)and DSCTA (B) depict a severe and irregular stenosis of the ICA. C, TOF MRA overestimates this stenosis as an occlusion because
of local luminal nonvisualization. D, BB MRA clearly detects this severe stenosis with an irregular plaque surface.

FIG 3. DSA (A), DSCTA (B), TOF MRA (C), and BB MRA (D) all depict a moderate and irregular stenosis at the ICA with close correlation.

helpful in the preinterventional assessment of carotid disease.
However, in cases with severe calcification on the vessel wall,
the demonstration of the lumen may be compromised; this
compromise affects accurate evaluation of the degree of ca-
rotid stenosis.>>**

The application of conventional bone subtraction or auto-
matic bone removal with DSCT greatly improves carotid assess-
ment without overlay of calcified plaques. The dual-energy tech-
nique on DSCTA distinguishes contrast media from calcified
plaques by exploiting the differences in attenuation of iodine and
calcium at different x-ray energies.*” The radiation dose of a dual-
source scan is only slightly higher than that of a normal single-
source scan.””> Compared with conventional subtraction, DSCTA

reduces the radiation dose and avoids motion artifacts by sparing
the unenhanced acquisition.”> With the dual-energy technique,
we achieved the best image quality and accuracy of DSCTA in the
demonstration of carotid stenosis. Sensitivity and specificity for
detecting severe stenosis were 100% and 97% with DSCTA in our
study, which was similar to that in the previous literature.?® Over-
estimation occurred in only 1 case because of excessive deletion of
calcified plaque, which might be due to blooming artifacts and
partial volume effects.

Although slightly inferior to CTA in the evaluation accuracy of
carotid stenosis, contrast-enhanced MRA is also a robust tech-
nique.® In recent years, however, nephrogenic systemic fibrosis in
patients with renal failure associated with gadolinium chelates has
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FIG 4. Linear regression among DSCTA, BB MRA, TOF MRA, and DSA for the stenosis measurement.

received increasing attention.>® As an alternative option, tradi-
tional TOF MRA is still widely in use despite signal loss resulting
from slow and turbulent flow at the carotid bifurcation region.® In
this study, overestimation occurred on TOF MRA in 2 cases with
moderate stenosis and in 2 cases with severe stenosis.
Black-blood MR imaging has been used to define carotid
plaque composition and morphology.>>*” In recent years, it is
being refined to visualize and quantify the lumen of the carotid
artery.' > By selectively suppressing the signals coming from the
artery lumen, BB MRA can better delineate the structure of the
arterial wall and detect the degree of carotid stenosis. 3D sampling
perfection with the application of optimized contrast by using
different flip angle evolution is a recently developed T2-weighted
MR imaging technique with high spatial resolution. Good T2-
weighted images can be obtained by using different flip angles,
which enable a low specific absorption rate value. Use of a parallel
acquisition technique makes it possible to obtain thin-section im-
ages in a reasonable acquisition time.”” One previous study
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showed that 3D BB MRA could allow accurate measurement
of carotid stenosis in comparison with contrast-enhanced
MRA."'® Our study showed that its sensitivity and specificity for
the detection of severe carotid stenosis were comparable with
DSCTA but better than TOF, though the image quality was
slightly inferior to that of DSCTA. Overestimation occurred in
2 cases of moderate stenosis, which was due to heterogeneous
signals from the lumen.

Detecting plaque morphology is also important. Ulceration
and irregularity of carotid plaque are strong predictors of overall
carotid plaque instability.'* Furthermore, they have been shown
to predict the risk of future stroke and to be associated with acute
coronary events.’® Because of the limited projection angles, DSA
has limitations in detecting irregular plaque or small ulcers.

In our study, irregularities of plaques and ulcers were more
frequently observed on DSCTA and BB MRA because both al-
lowed better visualization of the plaque through multiple per-
spectives. TOF MRA, however, was insensitive to the surface ulcer



of the carotid plaque, which might be due to the local loss of signal
intensity as mentioned above.

This study has several limitations. First, the sample size was
relatively small, and further studies are warranted to verify the
accuracy of BB MRA in evaluating carotid stenosis. Second, no
surgical and histologic confirmation was available for plaque
morphology in our study. We assumed that the number of ulcers
detected in this study is likely be underestimated because small
ulcers might not be obvious on all images or appeared as plaque
irregularities. Finally, the acquisition time of BB MRA was still
long, and further technical optimization of BB MRA was still
needed because 2 cases were excluded from our study owing to
motion artifacts or reduced signal-to-noise ratio.

CONCLUSIONS

BB MRA is a promising technique that is comparable with
DSCTA and DSA in the evaluation of carotid stenosis. In addition,
BB MRA and DSCTA are better than TOF MRA in demonstrating
stenosis and plaque morphology. The clinical application of BB
MRA may be valuable, given that it does not use ionizing radiation
and contrast medium.
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