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Background: Accurate and non-invasive assessment of intracranial atherosclerotic disease (ICAD) is
important because of its effect on treatment planning. The aim of this study is to investigate if zero echo
time (zT'E) magnetic resonance angiography (ZI'E-MRA) is feasible in the characterization of ICAD.
Methods: A total of 175 patients with ICAD were recruited. ZTE-MRA and time-of-flight (TOF)-
MRA sequences were conducted for all participants using a 3T clinical MR system. Forty-one patients also
underwent digital subtraction angiography (DSA), and were confirmed to have intracranial arterial stenosis
(ICAS). Weighted kappa (x) statistics were used to assess the inter-observer agreement and diagnostic
consistency of both zZTE- and TOF-MRA, using DSA as a reference. The Wilcoxon signed-rank test was
used to evaluate differences in image quality between zTE- and TOF-MRA images. The nonparametric
test of multiple paired samples was used to compare the results of vascular stenosis diagnosis between zTE-,
TOF-MRA and DSA.

Results: Supported by high inter-observer agreement (weighted k=0.78), ZT E-MRA generated significantly
higher scores than TOF-MRA for susceptibility artifact signal (mean: 3.03+0.98 vs. 2.72+1.09; P=0.017)
and flow signal in parent artery (mean: 3.63+0.49 vs. 3.07+0.82; P<0.001). Additionally, ZT'E-MRA showed
more robust diagnostic performance than TOF-MRA for patients with ICAD and degree of vascular stenosis
(P<0.05), and was highly consistent with reference DSA images (weighted x=0.80).

Conclusions: ZTE-MRA has potential for use as a routine clinical method for patients with ICAD.
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Introduction Multiple angiography techniques, including computed
Intracranial atherosclerotic disease (ICAD) is one of the tomography angiography (CTA), magnetic resonance

most common causes of stroke, leading to 10% of ischemic angiography (MRA), and digital subtraction angiography

strokes globally (1,2), and is expected to result in a serious (DSA), have been applied in the clinic for patients with
international burden in the future (3-5). Hence, early ICAD to date, to assess the degree of stenosis of intracranial
diagnosis and accurate evaluation of ICAD is crucial. arteries, which is considered an important clinical

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2021;11(6):2442-2452 | http://dx.doi.org/10.21037/qims-20-696


https://crossmark.crossref.org/dialog/?doi=10.21037/qims-20-696

Quantitative Imaging in Medicine and Surgery, Vol 11, No 6 June 2021

manifestation of ICAD (2).

Of the techniques mentioned above, CTA is a non-
invasive approach that can diagnose vascular stenosis and
occlusion with high sensitivity (97 %) and specificity (99.5%),
using catheter angiography as a reference standard (2).
Moreover, this technique allows rapid image acquisition,
thereby reducing the potential for motion artifacts (6);
however, the risk from radiation and the need for contrast
agent administration limit its wide clinical application. DSA
has been recognized as a gold standard for evaluation of
intracranial cerebrovascular diseases (7,8). In addition to
providing accurate assessment of vessel morphology, DSA
can offer dynamic information about blood flow at high
temporal resolution (9), which cannot be obtained by CTA
or MRA; however, due to its invasiveness and high cost,
DSA examination has not been adopted as a routine clinical
procedure (10).

Non-contrast MRA does not require radiation or
contrast agent and has, therefore, been applied for
vascular evaluation in the clinic (6,11). In particular, the
conventional MRA technique, time-of-flight (TOF)-MRA,
has generated promising results for diagnosis of vascular
diseases (1). Nevertheless, TOF-MRA imaging is sensitive
to disturbance of intraluminal blood flow, particularly
leading to overestimation of intracranial stenosis, or even
its misdiagnosis as occlusions (12), which is a crucial factor
influencing the high sensitivity and low specificity of
TOF-MRA for evaluation of intracranial arterial stenosis
(ICAS) (13). Moreover, TOF-MRA imaging is prone to the
effects of local field inhomogeneities; for example, those
caused by implanted intracranial stents (14).

As an alternative, the zero echo time (zTE) radial
arterial spin labeling (ASL) has been used for intracranial
aneurysm remnant and in-stent in many studies (15-18).
Katsuki ez a/. (19) use this technique to describe the arteries
near the cerebral aneurysm with clip and the peripheral
cerebral arteries. In addition, other scholars also employed
ZTE-MRA for evaluating cerebrovascular disorder in
clinic, including cerebral arteriovenous malformation and
moyamoya disease (20-22). In essence, ZI'E-MRA uses a
continuous ASL strategy and a zTE radial acquisition read-
out scheme (23). Both these intrinsic properties separately
facilitate the acquisition of MRA images, with inflowing
blood labeled with an endogenous contrast agent, and
with high signal-to-noise-ratio and less sensitivity to local
field inhomogeneities. Given these advantages, we aimed
to test whether this relatively novel MRA approach is
feasible for diagnosis of patients with ICAD and for more
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accurate assessment of the extent of vascular stenosis. To
investigate this, the ZT'E-MRA technique was applied to
a clinical population with confirmed ICAD in this study.
Based on the best of our literature review, this is one of the
earliest studies using zZT'E-MRA for ICAD diagnosis and
for vascular stenosis level assessment when set DSA as the
reference, aiming to observe the clinical feasibility of zZT'E
technology in clinical applications. The corresponding
image quality and diagnostic accuracy for arterial stenosis
were systematically evaluated and compared with those
acquired by TOF-MRA. In addition, DSA imaging was

applied and served as a standard reference.

Methods
Data cobort

This study was approved by the local ethical committee of
Affiliated Hospital of Xuzhou Medical University. Written
informed consent was obtained from all patients prior to
MR and DSA experiments, according to the Declaration of
Helsinki.

In total, 175 patients (63 female, mean age =67.95+
8.12 years; 112 male, mean age =68.18+7.96 years), who met
the Chinese diagnosis criteria for cerebral atherosclerosis
[2014] (24), were recruited between January 2017 and
September 2019, and assessed by zTE- and TOF-MRA.
The detailed diagnostic strategies are described in a
previous report by Wu et al. (24). The exclusion criteria
for participants were as follows: (I) MRI confirmed brain
abnormality, including trauma, infection, aneurysm, or
moyamoya disease; (II) MRI contraindications, including
claustrophobia, implanted metal parts, and ferromagnetic
foreign bodies; (III) patients who had undergone internal
carotid balloon remodeling or received stent assistance.

Among participants, 41 patients who underwent DSA
examination 24 h after MRA assessment were eligible
for enrollment (18 females, mean age =60.1+4.43 years;
23 males, mean age =60.7+4.70 years). The inclusion
criteria for DSA examination were as follows: (I) patients
with severe stenosis with indication for stent therapy; (II)
significant clinical symptoms that did not match the degree
of stenosis (e.g., mild and moderate); (III) patients with no
contraindications for DSA examination.

MR experiments

All MRI experiments were performed using a 3T MR
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system (Discovery 750w, GE Healthcare, USA), with a
24-channel head and neck joint coil.

For zZT'E-MRA measurement, scan parameters included:
field-of-view (FOV), 200x200 mm, for parietal to mandible
coverage; flip angle (FA) =3°; matrix size =166x166;
repetition time (TR) =1,157 ms; echo time (TE) =16 ps;
number of slices =332; and slice thickness =0.6 mm. zTE-
MRA is in essential a 3D MRA technique with a center-
out radial rotating ultrafast imaging sequence (RUFIS)
readout applied (25). Inherited from 3D pCASL technique,
the labeling plane of zZT'E-MRA is automatically set 20 mm
beneath the bottom line of the prescribed FOV. The
actual TR for 512 radial spokes per segment is 1,157 ms.
Therefore, for each spoke acquisition, the time is 1.28 ms.
The scan time was 6 min 51 s.

The TOF-MRA sequence was also applied to cover the
mesencephalon to cingulate cortex area, with FOV 220x
220 mm. Other scan parameters were: matrix size =512x192
without interpolation, FA =15°, TR =20 ms, TE =3.4 ms,
number of slices =172, slice thickness =0.5 mm and number
of slab =3, slab thickness =46 mm. The acquisition time was
4 min 41 s.

DSA

DSA was performed using an angiographic unit (Allura Xper
FD20, Philips Medical Systems, Amsterdam, Netherlands)
by an interventional neuroradiologist (with 14 years of
experience). A 4 F Headhunter catheter was introduced
into the ascending aorta via the transfemoral route and
navigated into the appropriate carotid or vertebral artery,
as determined by the neurointerventionist. For the internal
carotid artery (ICA), 7 mL of non-ionic contrast agent
(Ioversol, Hengrui Medicine, Jiangsu, China) was injected at
a volume rate of 4 mL/s. For the vertebral artery, 6 mL was
injected at a volume rate of 3 mL/s. The image matrix and
FOV were set separately as 1,024x1,024 and 170x170 mm’,
respectively.

Imaging assessment

In the current study, both susceptibility artifact intensity
and flow signal quality assessment were evaluated. The
susceptibility artifact intensity mainly reflected by signal
loss, especially in volume rendering (VR) imaging. A 4-point
scale (4= no susceptibility signal loss; 3= minimal signal loss;
2= moderate signal loss, compromising image assessment;
and 1= severe signal loss, preventing image evaluation),

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

was applied to rate the susceptibility artifact intensity
for both zTE- and TOF-MRA images. This method
was modified from the 5-point scale reported by Takano
et al. (26) without including the Sth point (the depiction
is almost equal to DSA), since no paired DSA data were
acquired. The flow signal is actually the signal intensity
and an evaluation of the signal strength uniformity within
the lumen. The regions of interest (ROIs) were selected
in each interested artery and compared among all subjects
measured with different imaging methods. Each ROI had
identical area and was prescribed within the blood vessel
with a certain distance away from the vessel wall. To rate the
flow signal in both zTE- and TOF-MRA images, additional
DSA imaging was also available and used as a reference.
A separate 4-point scale, reported previously (15,27) for
similar analysis, was applied also for data analysis. It is
defined as: 4= excellent quality, equal to DSA images; 3=
good quality, with minimal blurring or artifacts; 2= poor
quality, with structures slightly visible and significant
blurring; and 1= not visible.

According to the North American Symptomatic Carotid
Endarterectomy Test, vascular stenosis was defined as one
of four levels, as follows: mild stenosis (luminal stenosis
<50%); moderate stenosis (luminal stenosis 50-69%); severe
stenosis (luminal stenosis >70%); and occlusion.

Data analysis

All acquired zTE- and TOF-MRA images were
reconstructed using the maximum intensity projection
(MIP), multiple projection reconstruction (MPR), and VR
methods of the GE MR workstation (AW 4.6, GE Medical
Systems, USA). Two experienced radiologists (each with
two years of experience in cerebrovascular disease imaging)
were employed to independently analyze the reconstructed
images for susceptibility artifact intensity and flow signal
as well as DSA images in the arteries of interest. Bilateral
ICAs were selected as the main arteries of interest with
M1 segment of middle cerebral arteries (MCA) and
basilar artery (BA) as the additional arteries of interest for
susceptibility artifact intensity and flow signal analysis.
The most stenotic area was selected as the ROI for stenosis
measurement. Each ROI was measured twice and then
averaged as the final result of each reader. As the additional
arteries of interest, the detailed results of M1 segment of
MCA and BA in terms of susceptibility artifact and flow
signal have been shown in Figure S1.

All statistical analyses were performed using SPSS
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Figure 1 The score distribution of magnetic susceptibility artifact and flow signal. (A) Histogram showing the distribution of different

scores (blue, 1 point; green, 2 points; brown, 3 points; and purple, 4 points) for susceptibility artifact intensity of ZT'E- and TOF-MRA

imaging of 175 patients with ICAD. (B) Histogram showing the distribution of different scores (blue, 1 point; green, 2 points; brown, 3

points; and purple, 4 points) for flow signal in the parent artery in 41 patients with ICAS, according to zTE-, TOF-, and DSA imaging, with

DSA imaging serving as the reference. ICAD, intracranial atherosclerotic disease; ICAS, intracranial arterial stenosis.

software 18.0 (IBM, Chicago, IL). Weighted kappa (x)
statistics were first used to assess inter-observer agreement
for susceptibility artifact intensity and flow signal evaluation
of zZTE- and TOF-MRA images, as well as inter-reader
agreement for stenosis measurement. The embedded
Wilcoxon signed-rank test toolbox was then applied to
evaluate the differences between zTE- and TOF-MRA
images regarding susceptibility artifact intensity and flow
signal in target artery. Diagnostic sensitivity, specificity and
diagnostic accuracy were computed for zT'E- and TOF-
MRA by receiver operating characteristic curve analysis.
In addition, nonparametric test of multiple paired samples
was employed to test inter-group difference of stenosis
assessment among zTE-, TOF-MRA and DSA, P<0.05
is considered a statistically significant difference. Finally,
weighted kappa (k) statistics were employed to separately
estimate the diagnostic consistency of the zT'E- and TOF-
MRA methods with DSA. The significance threshold was
set at P=0.05.

Results

The total number of intracranial atherosclerotic lesion sites

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

was 93, which were distributed in the anterior, middle, and
posterior cerebral arteries of the 41 patients who underwent
DSA.

High inter-observer agreement (weighted k=0.78)
was found for susceptibility artifact intensity and flow
signal evaluation of the zTE- and TOF-MRA images
of all patients. Inter-reader agreement for DSA stenosis
measurement was also obtained (weighted x=0.80).

zT'E-MRA images were significantly higher quality, in
terms of susceptibility artifact, than TOF-MRA images
in bilateral ICAs (mean score, 3.03+0.98 vs. 2.72+1.09;
Wilcoxon rank test, P=0.017; Figure 1A4). Flow signals
in bilateral ICAs were assessed in both zTE- and TOF-
MRA images using DSA as a reference. For the 41 patients
also assessed using DSA, scores using zT'E-MRA were
significantly higher than those with TOF-MRA (mean:
3.63+0.49 vs. 3.07+0.82; P<0.001). The number of subjects
with the highest scores using zZI'E-MRA and TOF were
26 and 15, respectively. The distribution of scores is shown
in Figure 1B. It can also be found in Figure 2 that zTE-
MRA shows very good performance of susceptibility artifact
signal quality/flow signal. In addition, ZI'E-MRA generated
significantly higher scores of image quality than that of
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Figure 2 A 69-year-old male patient with a chief complaint of repeated headaches for 1 week. DSA (A) and TOF-MRA (B,C) imaging, with

poor quality/flow signal scored as 3/3 points. zI'E-MRA imaging (D,E) showing excellent susceptibility artifact signal quality/flow signal

scores (4/4 points). The arrows indicate regions of interest.

Table 1 Overview of TOF-, ZT'E-MRA and DSA for intracranial vascular assessment

Image acquisition Mild stenosis Moderate stenosis Severe stenosis  Total Occlusion No stenosis  Specificity/sensitivity
TOF-MRA 28 30 23 93 12 0 67%/100%
ZTE-MRA 30 29 20 93 8 6 78%/100%

DSA 33 26 16 93 8 10 N/A

Specificity/sensitivity represented the results for overall diagnosis of stenosis. zZTE-MRA, zero echo time magnetic resonance angiography;

DSA, digital subtraction angiography; N/A, not applicable.

TOF-MRA in both ROI of M1 and BA (Figure S1).

The intracranial vascular stenosis assessment of TOF,
zZI'E-MRA and DSA were showed in Table 1. ZTE-
MRA had higher diagnostic specificity (78% vs. 67%) and
accuracy (96% vs. 94%) than TOF-MRA, while the two
methods had comparable diagnostic sensitivity (100%).
The stenosis degree was overestimated using TOF-MRA
(P<0.05). In addition, weighted kappa (k) statistics analysis
revealed high diagnostic consistency between zI'E-MRA
and DSA images for evaluating stenosis severity in patients

with ICAS (weighted k=0.80) (Figures 3,4).

Discussion

In this study, we investigated the feasibility of zZTE-MRA
for diagnosis of ICAD. By comparison with TOF-MRA,
we found that ZT'E-MRA had more robust performance for
imaging ICAD, including higher signal intensity with less
artifact and stronger flow signal in the artery. Moreover,
clinical findings using zZT'E-MRA were highly consistent
with those using the reference DSA method for stenosis

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

assessment in patients with ICAD.

In this study, zTE-MRA scored significantly higher
than TOF-MRA for susceptibility artifact assessment.
Susceptibility artifact is common in intracranial MRA,
particularly in the distal ICA (28), and primarily associated
with the vessels themselves, including distorted vascular
shape, vessel wall calcification, and boundary interference
between air-soft tissue and bone-soft tissue (29-31). As a
conventional MRA technique, TOF-MRA is sensitive to
susceptibility artifact (28,32), and thus its application for
patients with intracranial vascular diseases is generally
challenging. As reported in previous studies, it is not
possible to effectively visualize flow in an intracranial stent
or on follow-up assessment of coiled aneurysms by TOF-
MRA (15,16). In contrast, a novel feature of zTE-MRA is
that it uses a 3D radial acquisition read-out scheme with
an ultrashort echo time (~10 ps) (33). Thus, zZT'/E-MRA can
generate high signal intensity and is immune to local field
inhomogeneity and magnetic susceptibility artifacts, which
is essential for accurate display of blood vessels (34).

In addition, relative to TOF-MRA, zT'E-MRA showed
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Figure 3 A 66-year-old male patient with a chief complaint of repeated dizziness and headaches for one week. TOF-MRA imaging (A,B)

showed moderate stenosis of the right posterior cerebral artery (rectangular frame); however, zTE-MRA imaging (C,D) showed mild

stenosis in the same artery (rectangular frame).

higher flow signals in the ICA in this study, and could thus
be used to perform more accurate assessment of vascular
stenosis. Flow disturbance mostly occurs in irregular and
twisted blood vessels. For patients with ICAS, cerebral
blood flow in the stenotic region is not regular in velocity
or flow direction. Hence, the abnormal blood flow is often
largely saturated by repeated RF pulses, resulting in low
signal intensities on TOF-MRA (11,29,32,35), which could
explain why the severity of stenosis was overestimated
by TOF-MRA in the present study. This finding is in
agreement with previous reports that TOF-MRA is more
likely to produce false negatives or false positives (32,36).
In comparison, zT'E-MRA is a continuous ASL-based
angiography method, which relies on the refreshment of
blood flow in intracranial arteries with labeled blood flow
from carotid arteries. Inflowing blood is magnetically
labeled with an endogenous contrast tracer for vessel
imaging; thus, no constraint is imposed on the direction

of blood flow (33). Hence, zZT'E-MRA is not sensitive to
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turbulence or vascular distortion. In addition, because
of the intrinsic ASL strategy used in zTE-MRA, the
resulting images are generated via subtraction, to yield an
angiographic image with almost zero background (15),
further enhancing the flow signal contrast. The ASL based
MRA technique is sensitive to slow flow velocity. Most
vessels in the brain with normal flow velocity can reached
with labeled blood within the labeling time assigned for
zTE-MRA, however, vessels with significantly slow velocity
may not be labeled, resulting in poor imaging. This could
be the potential reason that posterior cerebral arteries are
shown less on zZI'E-MRA compared to TOF-MRA.

In this study, we selected the intracranial segment of the
ICA to analyze the susceptibility artifact and flow signal
of ZTE- and TOF-MRA images. The main reason for this
choice is that this segment is essentially a twisted vessel
with complicated blood flow, and has been reported to
be the most vulnerable location for patients with ICAD
(37,38); therefore, the intracranial segment of the ICA
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Figure 4 A 58-year-old male patient with a chief complaint of repeated headaches for 3 days. TOF-MRA imaging (A,B) showed moderate

stenosis of the right mid cerebral artery (rectangular frame); however, zTE-MRA imaging (C,D) showed mild stenosis in the same artery

(rectangular frame). 2D (E)- and 3D (F)-DSA imaging serving as the reference. The arrows indicate stenosis area of interest. D, dimensional.

was considered a representative ROI for assessment in this
study. It should also be noted that this is a limitation of
the present study, we did not perform evaluation on other
intracranial vessel segments. Another limitation is that we
did not measure the length of vascular stenosis, which can
have an added in the evaluation of the stenosis level. In the
follow up study, we will conduct a comprehensive analysis
on intracranial arteries with more vessel segments as well
as with the measurement of the stenosis length. At last,
we have to admit that not identical image resolution was
applied in zZTE-MRA and TOF-MRA, which may have a
potential impact on the fair comparison of image quality.
DSA remains a gold standard for clinical diagnoses of
intracranial vascular diseases (7). zZI'E-MRA showed a more
comparable assessment of flow signal than TOF-MRA to
that achieved by DSA. Therefore, highly consistent clinical
findings were obtained between zTE-MRA and DSA
imaging for evaluation of stenosis severity in patients with
ICAD. Although the stenosis overestimation in some cases
was occurred relative to a gold standard DSA, zZTE-MRA,
compared with TOF-MRA, exhibited higher diagnostic
specificity, and more accurately distinguished the degree
of vascular stenosis in the anterior, middle, and posterior
cerebral arteries. The assessment of BA stenosis was not
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included in this study, mainly due to the small number of
BA stenosis. As reported previously, the total incidence
of stenosis in the anterior, middle, and posterior cerebral
arteries of Chinese Han people is significantly larger than
that of BA (80% vs. 5.2%) (39). However, we admitted that
it would be better to include BA for a more comprehensive
vessel stenosis assessment between zTE- and TOR-MRA.
"This will be further implemented in our follow-up study.

Moreover, ZzZT'E-MRA can achieve silent intracranial
angiography, due to the minor gradient adjustment required
during image acquisition. This feature allows scanning
in an almost silent environment allowing patients to feel
more comfortable during assessment. This feature can
largely avoid the degradation of image quality introduced
by patient anxiety or involuntary movement. In addition,
also because of the minor gradient adjustment, eddy current
artifacts can be minimized in ZT'E-MRA imaging, further
improving image quality.

TOF-MRA has achieved 2 minutes shorter scan time but
higher image resolution than zZT'E-MRA in this study, and
shorter scan time might also allow for less motion artifact
from patients during measurement. However, higher
image resolution in TOF-MRA didn’t help improve image
quality and showed relatively lower diagnostic accuracy
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for intracranial artery stenosis. In contrast, even though
zZT'E-MRA measurement was a bit longer than TOF-MRA
in this study, the quietness of ZT'E-MRA can reduce the
motion risk of patients during measurement. In addition,
zTE-MRA showed higher image quality and good ability to
assess vascular stenosis with DSA. With these advantages,
zZTE-MRA might be considered with added clinical value in
diagnosis of ICAS.

Notably, Shang et a/. (23) recently published an
interesting study that also confirmed the clinical value
of zZI'E-MRA for imaging cerebrovascular diseases.
Compared with their study, we used DSA as the reference
for ICAD diagnosis, which we believe is more accurate
than the CTA applied in their investigation (40). DSA can
monitor contrast injection through a vessel in real time to
accurately evaluate stenosis severity, and is thus often used
in endovascular treatment for acute cerebral embolism,
which cannot be achieved by CTA (41). Furthermore, the
present sample size is larger, and the recruited patients
were only those with ICAS. These features of our study
may mean that the results reported here are more broadly
representative.

Similar to previous reports (23,42), we also found that
zTE-MRA resulted in lower quality imaging of distal small
branched vessels than TOF-MRA (Figure 4). In essential,
zI'E-MRA is a continuous ASL-based angiography
method (15). The vessel signal is obtained by subtracting
labeled with unlabeled arterial blood signal. Distal small
vessels are however not a good candidate for imaging using
ZTE-MRA, as the blood flow requests relatively long time
to reach distal vessels and the correspondingly labeled
proton signal is largely recovered due to T1 relaxation
effect. The resultant subtracted signal between labeled
and non-labeled flow is thus decreased, leading to less
qualified vessel imaging. However, this may not be crucial
for ICAD diagnosis, as ICAD is more likely to be found
in the middle-sized and larger branches (43,44). Further,
there are many other techniques available for distal vessel
imaging in the clinic. Obara er a/. (45) used acceleration-
selective ASLL. MRA to achieve robust visualization of distal
cerebral arteries and collateral vessels. In addition, one
other study also obtained satisfactory imaging of collateral
circulation, based on a four-dimensional (4D)-ASL-MRA
technique (46).

Conclusions

In conclusion, in the present study we found that, relative
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to TOF-MRA, zTE-MRA has higher image quality, less
sensitivity to abnormal blood flow at different velocities in
ICA. Besides, it also has excellent diagnostic consistency for
assessment of stenosis severity, compared with DSA. Due to
its superior performance for ICAD imaging, the zT'E-MRA
technique might thus be suggested as an alternative method
for application in patients with ICAD in the clinic.
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Supplementary

Image quality comparison between TOF-MRA and zTE-MRA

A Flow signal scoring of Middle cerebral arteries (M1) B Flow signal scoring of Basilar artery
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Figure S1 As shown in the following figure, in middle cerebral arteries (MCA) M1 and basilar artery (BA) regions, zZTE-MRA showed
significantly higher imaging quality than TOF-MRA images in terms of susceptibility artifact (M1: mean score, 3.39+0.82 vs. 3.31+0.90,
Wilcoxon rank test, P<0.001, Figure S1A and, BA: mean score, 3.29+0.87 vs. 3.20+0.95, Wilcoxon rank test, P<0.001, Figure S1B). Moreover,
flow signal scores in zZTE-MRA were also significantly higher than those in TOF-MRA in M1 (mean score, 3.68+0.47 vs. 3.58+0.49;
Wilcoxon rank test, P=0.046, Figure S1C) and in BA (mean score, 3.68+0.47 vs. 3.56+0.54; Wilcoxon rank test, P=0.025, Figure S1D).
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