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Abstract

Introduction We aimed to investigate the utility of compressed sensing time-of-flight magnetic resonance angiography
(CS TOF-MRA) for diagnosing intracranial and cervical arterial stenosis by using digital subtraction angiography
(DSA) as the reference standard.

Methods Thirty-seven patients with head and neck arterial stenoses who underwent CS TOF-MRA and DSA were
retrospectively enrolled. The reconstructed resolution of CS TOF-MRA was 0.4 x 0.4 x 0.4 mm’. The scan time was
5 min and 2 s. The image quality of CS TOF-MRA was independently ranked by two neuroradiologists in 1031
arterial segments. The luminal stenosis grades on CS TOF-MRA and DSA were analyzed in 61 arterial segments and
were compared using the Wilcoxon signed-rank test. The ability of CS TOF-MRA to predict moderate to severe
stenosis or occlusion was analyzed.

Results The image quality of most arterial segments (95.2%) on CS TOF-MRA was excellent. Arterial segments with
low image quality were mainly the V3—4 segments of the vertebral artery. The majority of arterial stenoses (62.3%)
were located in the cervical internal carotid artery. The luminal stenosis grades of CS TOF-MRA were concordant
with that of DSA in 50 of 61 segments (p=0.366). CS TOF-MRA had a sensitivity of 84.4% and a specificity of
88.5% for predicting moderate to severe stenosis. For detecting occlusion lesions, it had a sensitivity of 100% and a
specificity of 94.1%.

Conclusion CS TOF-MRA provides adequate image quality within a reasonable acquisition time and is a reliable tool for
diagnosing head and neck arterial steno-occlusive disease.
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Key Points

« CS TOF-MRA provides a relatively large coverage (16 cm), high resolution (0.4 x 0.4 x 0.4 mm’) and good image quality of

head and neck arteries within 5 min and 2 s.

* The diagnostic accuracy of CS TOF-MRA in the assessment of moderate to severe stenosis and occlusion was comparable with

that of DSA.

* Arterial segments with low image quality were mainly the V3 and V4 segments of the vertebral artery.
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Abbreviations

ACA Anterior cerebral artery

BA Basilar artery

CS TOF-MRA  Compressed
sensing time-of-flight magnetic
resonance angiography

DSA Digital subtraction angiography

ICA Internal carotid artery

MCA Middle cerebral artery

mFISTA Modified fast iterative
shrinkage-thresholding algorithm

NASCET North American Symptomatic
Carotid Endarterectomy Trial

PCA Posterior cerebral artery

PI Parallel imaging

SNR Signal-to-noise ratio

VA Vertebral artery

WASID Warfarin Aspirin Symptomatic
Intracranial Disease

Introduction

Stroke is a major cause of morbidity and mortality worldwide.
Studies have found that intracranial and extracranial arterial
atherosclerotic steno-occlusive disease is an important cause
of ischemic stroke [1]. In this context, an accurate assessment
of cerebral arteries is important for optimal therapeutic deci-
sions. Digital subtraction angiography (DSA) is the gold stan-
dard for accessing vascular stenosis. However, DSA is an
invasive, radiation-associated technique with the possibility
of complications [2]. Currently, noninvasive techniques, such
as three-dimensional time-of-flight magnetic resonance angi-
ography (TOF-MRA), are widely used to evaluate and follow
up patients with head and neck arterial disease and have been
used to replace DSA in the diagnosis of cerebrovascular dis-
ease in clinical practice. TOF-MRA provides high contrast
and spatial resolution. However, in order to achieve a compro-
mise between high spatial resolution and acceptable scan time,
the anatomical coverage is often limited [3]. Moreover, mo-
tion artifacts produced by swallowing, respiration, and neck
movements are more likely to appear due to the long scan time
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[4], which may reduce image quality and impair reader con-
fidence in image diagnosis.

To shorten the acquisition time, undersampling strategies
such as partial Fourier imaging and parallel imaging (PI) have
been used [5]. These two methods omit phase encoding steps
in a regular fashion. The acceleration achieved by these
methods is limited by several factors. First, the acceleration
factor is limited by the different encoding possibilities of the
coils because of the resulting aliasing artifacts in the image
domain. Second, reduced acquisition of energy in k-space
reduces the available signal-to-noise ratio (SNR), and hence,
PI can only be used when there is sufficient SNR in the orig-
inal full-sampled image [6].

Recently, the application of methods based on compressed
sensing (CS) theory has had a significant impact on the field of
magnetic resonance imaging (MRI). CS is based on the prin-
ciple that incoherent artifacts can be corrected by the spatial
and temporal redundancy of MRI when k-space is
undersampled by a random sampling mode [7]. Compared
with conventional approaches, CS allows rapid acquisition
of images by using fewer k-space samples [8]. When the spar-
sity increases, CS provides better accelerated acquisition for
the transformed sparse domain. As angiograms are sparse in
pixel domain, they are suitable for CS reconstruction. Milles
et al quantitatively evaluated the performance of CS tech-
niques for TOF-MRA and found that CS reconstruction out-
performs traditional methods of undersampling [7]. Li et al
proposed a CS-based 3D MRA sequence which provides ex-
cellent visualizations for carotid vessels and calcification in a
short scan time [9]. Fushimi et al applied CS to data from
cerebral aneurysms and evaluated the diagnostic quality of
CS TOF-MRA [10]. Their results showed that most cerebral
aneurysms were sufficiently recognized in CS TOF-MRA.
Our previous study found that CS TOF-MRA could remark-
ably reduce the scan time and provide comparable image qual-
ity to PI TOF-MRA for diagnosing intracranial arterial steno-
ses [11]. However, the diagnostic performance of CS TOF-
MRA for assessment of intracranial and cervical arterial ste-
nosis has not yet been evaluated.

In this study, we investigated the utility of CS TOF-MRA
for diagnosing intracranial and cervical arterial stenosis in a
clinical setting by using digital subtraction angiography
(DSA) as the reference standard.
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Material and methods
Patients

This study was reviewed and approved by our Institutional
Review Board. The need for patient consent was also waived
by the same Institutional Review Board. From December 2017
to October 2018, 66 consecutive patients were retrospectively
recruited in our single center according to the following criteria:
(1) both intracranial and cervical CS TOF-MRA and DSA were
performed; (2) at least one segment of head and neck arterial
stenosis was confirmed on DSA; and (3) the time interval be-
tween CS TOF-MRA and DSA was less than 2 weeks. Patients
who met the following criteria were excluded from further anal-
ysis: (1) patients diagnosed with non-atherosclerotic diseases
like Moyamoya disease, dissection, or vasculitis (n =38); (2)
stent implantation had been performed in the interval between
DSA and CS TOF-MRA (n = 18); and (3) patients with obvious
motion artifacts on CS TOF-MRA (n = 3). Ultimately, a total of
37 patients were recruited. During the admission period, these
patients were treated by angioplasty and stent placement (n =

32), interventional embolectomy (7 =2), or antiplatelet or anti-
coagulant medication (n=3).

MR angiography parameters

CS TOF-MRA was performed based on a research sequence
and reconstruction prototype on a MAGNETOM Skyra 3-T
MR scanner (Siemens Healthcare) with a 20-channel head/
neck coil. The slice orientation was axial. The parameters
were as follows: repetition time (TR) 21 ms, echo time (TE)
3.49 ms, flip angle 18°, field-of-view (FOV) 220 x 200 mm?>,
matrix 368 x 334, slice thickness 0.4 mm, and number of slabs
8. The acquired resolution was 0.6 x 0.6 x 0.6 mm? and recon-
structed to 0.4 x 0.4 x 0.4 mm® , and the acceleration factor of
CS TOF-MRA was set at 10.3. Neither phase nor slice partial
Fourier was used. The scan range extended from the bifurca-
tion of the common carotid artery to the body of the corpus
callosum. Data were reconstructed using 10 iterations of the
modified fast iterative shrinkage-thresholding algorithm
(mFISTA) [12]. The source images of CS TOF-MRA were
reconstructed with maximum intensity projection (MIP).
Multiple 3-dimensional MIP images that were radially
projected at 15° increments (rotation about the 3 orthogonal
axes of the head) were generated. Moreover, 22 thin-slab
(10 mm) MIP images were also reconstructed in coronal and
sagittal views, respectively.

Digital subtraction angiography protocol
DSA was performed using the modified Seldinger method

with a DSA machine (Philips Allura Xper FD20). A 5-
French headhunter catheter was introduced into the ascending

aorta via the transfemoral route and navigated into the appro-
priate carotid or vertebral artery, as decided by the
angiographer. The arteries were displayed in at least 2 projec-
tions by automatic injection of 6—8 mL of iodixanol 320
(Visipaque, GE Healthcare). DSA was performed with a
270-mm field of view and a 1024 matrix, yielding a measured
pixel size of 0.27 x 0.27 mm?.

Imaging evaluation

We used MIP images of CS TOF-MRA for image analysis and
source images as an assistant. MIP images were assessed in-
dependently in a randomized order by two neuroradiologists
(X.Z. and S.S.L. with 4 and 6 years of experience, respective-
ly) who were blinded to the results of DSA. The assessed
segments of intracranial and cervical arteries were as follows:
(1) internal carotid artery (ICA): cervical segment (C1), pe-
trous segment (C2), lacerum segment (C3), cavernous seg-
ment (C4), anterior clinoid process segment, and ophthalmic
and communicating segment (C5-7); (2) middle cerebral ar-
tery (MCA): horizontal segment (M1) and insular segment
(M2); (3) anterior cerebral artery (ACA): the horizontal seg-
ment (Al) and the vertical segment (A2); (4) posterior cere-
bral artery (PCA): precommunicating segment (P1) and am-
bient segment (P2). Fetal PCA was also divided into P1 and P2
segments by taking the ventral surface of the brain stem as the
boundary; (5) basilar artery (BA); (6) vertebral artery (VA):
foraminal segment (V2), extraspinal segment (V3), and
intradural segment (V4). The quality of the images was eval-
uated on a 3-point scale. Grade-1 images had heavily blurred
vessel margins with severe image artifacts and poor image
quality which could not be used for clinical evaluation.
Grade-2 images had slightly obscured vessel margins with
minor artifacts but an overall good image quality. Grade-3
images had no apparent image artifacts and had clear and
sharp vessel margins with excellent image quality. To resolve
any disagreement between the 2 readers, another senior neu-
roradiologist (X.N.H. with 20 years of experience) re-
evaluated the images and assisted in reaching a consensus
agreement. The consensus scores were used for the subse-
quent analyses.

The luminal stenosis ratios on CS TOF-MRA were calcu-
lated by two neuroradiologists (X.Z. and S.S.L. with 4 and
6 years of experience, respectively) in a randomized order. For
analysis of DSA, one neurointerventional radiologist (Y.Z.C.
with 12 years of experience) measured the luminal stenosis
ratios without knowledge of the MRA results. The luminal
stenosis ratio of intracranial arteries was calculated as follows:
stenosis ratio (%) = (1, narrow lumen diameter/reference lu-
men diameter) x 100%, according to the Warfarin Aspirin
Symptomatic Intracranial Disease (WASID) criterion. The ref-
erence lumen was defined as the neighboring segment of nor-
mal appearance proximal to the stenotic site. The North
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American Symptomatic Carotid Endarterectomy Trial
(NASCET) method was used for calculating extracranial ar-
terial stenosis ratio [13] as follows: stenosis ratio (%)= (1,
artery diameter at the most narrow site/normal vessel diameter
at the distal end of stenosis) x 100%. If there were multiple
stenoses in one segment, only the most stenotic site would be
selected for calculation. All stenoses were divided into 4
grades: grade 1, mild stenosis (0% < stenosis ratio < 50%);
grade 2, moderate stenosis (50% < stenosis ratio < 70%);
grade 3, severe stenosis (70% < stenosis ratio < 100%); and
grade 4, occlusion, localized blood flow signals were lost,
and the arterial wall was not shown.

Statistical analysis

All raw data were analyzed statistically using SPSS 22.0 (IBM
Corporation; formerly SPSS Inc.). Intraclass correlation coef-
ficient (ICC) was calculated to quantify the inter-observer re-
producibility for stenosis assessment. The inter-observer re-
producibility for image quality grading was performed using
Cohen’s kappa statistics. Reproducibility < 0.4 was character-
ized as poor, those 0.4—0.75 were fair to good, and those
>0.75 were considered excellent. The luminal stenosis ratio
and stenosis grades on CS TOF-MRA and DSA were compared
using the Wilcoxon signed-rank test. The sensitivity, specificity,
positive predictive value (PPV), and negative predictive value
(NPV) were calculated to analyze the diagnostic performance
of CS TOF-MRA to predict moderate to severe stenosis
(50-99% stenosis) and occlusion. The p value was two-sided,
and p < 0.05 was considered statistically significant.

Results
Patient characteristic

A total of 1064 arterial segments of 37 patients (age, 64.3 +
11.6; 26 males and 11 females) were included, of which 4
segments were excluded because of an inadequate scan range
of CS TOF-MRA. In the remaining 1060 segments, 29 seg-
ments located after an occlusion with complete signal loss
were excluded from the subsequent evaluation of image qual-
ity. Finally, 1031 segments were included for image quality
assessment, of which 61 arterial segments with steno-
occlusion were confirmed by DSA (Supplementary Table S1).

Acquisition time and image quality of CS TOF-MRA

The total scan time of CS TOF-MRA was 5 min and 2 s. The
reconstruction time was 4 min and 14 s.

The inter-observer agreement for image quality grading
was 0.816 (95% confidence interval 0.732, 0.900). The image
quality of the majority of arterial segments on CS TOF-MRA
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(95.2%) was graded as grade 3. The image quality of four
segments (0.4%) was graded as grade 1 and 45 segments
(4.4%) were graded as grade 2. The arterial segments with
low image quality score were mainly vertebral artery V3 and
V4 segments (detailed in Supplementary Table S2). Complete
signal loss was observed in V2-V3 segments and V3-V4
segments of the left VA in two patients, and the image quality
was scored as grade 1. The signal loss in these segments was
eventually considered artifactual rather than true stenosis by
the senior neuroradiologist, a determination which was veri-
fied by DSA (a representative case is shown in Supplementary
Figure S1). These segments were excluded from the subse-
quent assessment of luminal stenosis.

Comparison between CS TOF-MRA and DSA
for stenosis evaluation

The inter-observer agreement for stenosis assessment was
0.956 (95% confidence interval 0.928, 0.973). Detailed com-
parisons between CS TOF-MRA and DSA for evaluating in-
tracranial and cervical arterial stenosis are summarized in
Table 1 and Supplementary Tables S3. The luminal stenosis
ratios measured on CS TOF-MRA were higher than those
measured on DSA, but significant differences were only found
in mild stenosis (Supplementary Table S3). The luminal ste-
nosis grade of CS TOF-MRA was concordant with that of
DSA in 50 of 61 segments (82.0%, Table 1). No significant
differences between the luminal stenosis grades assessed on
CS TOF-MRA and DSA were found according to the
Wilcoxon signed-rank test (p =0.366). Of the remaining 11
segments, 7 segments were overestimated and 4 segments
were underestimated. Detailed results of those segments are
summarized in Table 2. A representative case is shown in
Fig. 1. (Several mismatched cases are presented in
Supplementary Figures S2 to S5.)

The CS TOF-MRA had a sensitivity of 84.4%;, a specificity
0f 88.5%, a PPV 0f 90%, and an NPV of 82.1% for predicting
moderate to severe stenosis. For detecting occlusion lesions,
CS TOF-MRA had a sensitivity of 100%, a specificity of
94.1%, a PPV of 76.9%, and an NPV of 100%.

Discussion

We evaluated the clinical value of CS TOF-MRA in the diag-
nosis of intracranial and cervical arterial stenosis by using
digital subtraction angiography as the reference standard. We
observed that CS TOF-MRA could provide good image qual-
ity and good agreement with DSA in the assessment of intra-
cranial and cervical arterial stenosis in a reasonable acquisi-
tion time.

In this current study, the scan time of CS TOF-MRA for
achieving a high-resolution in-plane resolution (0.4 X
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Table 1 Comparison of luminal
stenosis grades between CS TOF- CS TOF-MRA DSA
MRA and DSA
Mild stenosis Moderate stenosis Severe stenosis Occlusion
Mild stenosis 13 0 0
Moderate stenosis 3 18 2 0
Severe stenosis 0 1 9 0
Occlusion 0 0 3 10

0.4 mm?) and a large anatomical range (16 cm) was 5 min and
2 s. We used a graphic processing unit (GPU), and the total
reconstruction time after the scanning of CS TOF-MRA was
4 min and 14 s. This compares favorably to a conventional
head and neck PI TOF-MRA (GRAPPA, 2; phase and slice
partial Fourier, 7/8) which takes 18 min and 59 s using equiv-
alent resolution and coverage to CS TOF-MRA; thus, the
acquisition time was significantly reduced.

We evaluated the image quality of CS TOF-MRA for di-
agnosing intracranial and cervical stenosis. The orifice of the
vertebral arteries was not included in the scan volume. The
image quality of the majority of arterial segments on CS TOF-
MRA was excellent. Artifacts were most commonly observed
near the skull base, especially in V3 and V4 segments of
vertebral arteries and in vessels near the sphenoid sinus.
Such artifacts may lead to the false-positive diagnosis of arte-
rial stenosis. Arteries near the skull base are subject to artifac-
tual narrowing because of large susceptibility gradients pres-
ent in this area [14]. Choi et al proposed that a smaller voxel
size and a higher bandwidth may reduce this kind of artifact
[15]. Another reason is that TOF-MRA is a gradient-echo
technique in which contrast is obtained with unsaturated blood
inflowing into a region of saturated stationary tissue [16]. It

has limitations for the assessment of slow-flowing blood. The
vertebral artery is a common site of hypoplasia in arteries;
thus, the slower blood flow through the narrower side of the
vertebral artery can cause artifacts.

Previous studies that compared 3D TOF-MRA with DSA
have reported that MRA tends to overestimate the degree of
stenosis [17—19]. Our statistical results showed that there were
no significant differences between the luminal stenosis grades
assessed on CS TOF-MRA versus DSA. However, CS TOF-
MRA tends to produce an overestimate when it is applied
specifically to the luminal stenosis ratio. There are several
possible reasons for this overestimation: (1) CS TOF-MRA
may overestimate the actual stenosis rate. Accelerated flow
through the stenotic site may lead to dephasing and overesti-
mation of the extent of stenosis. Blood flow turbulence that
occurs at the areas of bifurcation is believed to result in a loss
of’blood flow signal, because blood flow at different velocities
with different phases tends to cancel each other [14]. This kind
of artifact was one important source of stenotic overestimation
in this study; (2) it is possible that DSA underestimates steno-
sis rather than MRA overestimates the extent of stenosis in
some cases. According to a previous study, DSA does not
always reveal the narrowest residual lumen because of the

Table 2 Summary of

overestimated and Location Stenosis Stenosis Estimated causes
underestimated segments by on MRA (%) on DSA (%)
CS TOF-MRA
Overestimated LMCA M1 57 48 Borderline stenosis
RMCA M1 59 47 Intra-voxel phase dispersion
RACA Al 59 47 Borderline stenosis
RICA Cl1 75 69 Borderline stenosis
RICA C1 100 89 Near occlusion of proximal
ICA without distal stenosis
RICA Cl1 100 85 Near occlusion of proximal
ICA without distal stenosis
RICA C1 100 84 Near occlusion of proximal
ICA without distal stenosis
Underestimated LICA C1 63 80 Observer error
RACA A2 63 76 Observer error
RMCA M1 48 50 Borderline stenosis
RICA C3 36 50 Borderline stenosis

LICA left internal carotid artery, RICA right internal carotid artery, LMCA left middle cerebral artery, RMCA right
middle cerebral artery, RACA right anterior cerebral artery, LCCA left common carotid artery
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Fig. 1 Compressed sensing time-
of-flight MR angiography (CS
TOF-MRA) and DSA in a 53-
year-old patient. CS TOF-MRA
shows a focal high-grade stenosis
in the proximal M2 segment of
the right middle cerebral artery
with visible distal branches (a,
hollow white arrow), and a focal
high-grade stenosis in the proxi-
mal internal carotid artery (a, b;
white arrow). DSA reveals almost
identical features of stenosis
(white hollow arrow in ¢, and
white arrow in e) at the corre-
sponding locations. Signal loss
along the distal segment of the left
vertebral artery is observed in CS
TOF-MRA (a, white arrow head).
DSA shows a left hypoplastic
vertebral artery without any ste-
nosis (d, white arrow head)

limited number of projections [20], which may lead to an
underestimate of arterial stenosis. We also found that the ste-
nosis of four segments was underestimated on CS TOF-MRA.
In the present study, the main reason is the unavoidable mea-
surement error when borderline stenosis occurs. Huston et al
proposed that plaques with high signals on T1 might cause a
high signal on MIP, thus masking signal loss on MIP display
images [21]. This may be another reason for the underestima-
tion of stenosis using CS TOF-MRA.

The diagnostic performance of CS TOF-MRA for de-
tecting complete occlusion was excellent, with a sensi-
tivity of 100%, a specificity of 94.1%, a PPV of 76.9%,
and an NPV of 100%. In this current study, we consid-
ered discontinuity of flow on MIP images as occlusion.
We found that this was the most common cause of
overestimating severe stenosis as occlusion. Sadikin
et al subdivided discontinuity into two parts, the gap
sign and occlusion [18], and considered the gap sign
as 99% stenosis rather than occlusion [22]. They dem-
onstrated that the gap sign was more reliable in large
arteries such as MCA, for depicting severe stenosis. If
we subdivided the discontinuity in the same manner,
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then the specificity of CS TOF-MRA may be improved.
In predicting moderate to severe stenosis, CS TOF-
MRA had a sensitivity of 84.4%, a specificity of
88.5%, a PPV of 90%, and an NPV of 82.1%. These
results were comparable with those of previous studies
[15, 18].

There were several limitations to our study. First, it was a
retrospective study involving a relatively small number of
stenotic arterial segments, 61. But we consider the total num-
ber of arterial segments, 1031, is sufficient for evaluating the
image quality using CS TOF-MRA. Second, 38 of 61 arterial
stenoses (62.3%) were located in the C1 segment of ICA.
Other stenotic segments distributed nonhomogeneous. Thus,
selection bias may have been introduced. However, in clinical
settings, patients with mild or moderate intracranial arterial
stenosis usually do not undergo DSA examinations, whereas
many patients with severe proximal ICA stenosis would be
treated with angioplasty and stent placement by DSA. Studies
with a larger patient cohort including more stenoses in intra-
cranial arteries and the first part of the vertebral arteries would
strengthen the statistical power for the comparison between
CS TOF-MRA and DSA in the future.
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Conclusions

By combining 3D TOF-MRA with compressed sensing tech-
nology, a relatively large coverage (16 cm) of head and neck
arteries with good image quality can be maintained within a
reasonable acquisition time. In this study, the diagnostic accu-
racy of CS TOF-MRA was comparable with that of DSA in
the assessment of moderate to severe stenosis and occlusion.
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