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ORIGINAL RESEARCH
ADULT BRAIN

Acceleration of Brain TOF-MRA with Compressed Sensitivity
Encoding: A Multicenter Clinical Study

J. Ding, Y. Duan, Z. Zhuo, Y. Yuan, G. Zhang, Q. Song, B. Gao, B. Zhang, M. Wang, L. Yang, Y. Hou,
J. Yuan, C. Feng, J. Wang, L. Lin, and Y. Liu

ABSTRACT

BACKGROUND AND PURPOSE: The clinical practice of three-dimensional TOF-MRA, despite its capability in brain artery assessment, has
been hampered by the relatively long scan time, while recent developments in fast imaging techniques with random undersampling has
shed light on an improved balance between image quality and imaging speed. Our aim was to evaluate the effectiveness of TOF-MRA
accelerated by compressed sensitivity encoding and to identify the optimal acceleration factors for routine clinical use.

MATERIALS AND METHODS: One hundred subjects, enrolled at 5 centers, underwent 8 brain TOF-MRA sequences: 5 sequences using
compressed sensitivity encoding with acceleration factors of 2, 4, 6, 8, and 10 (CS2, CS4, CS6, CS8, and CS10), 2 using sensitivity encoding
with factors of 2 and 4 (SF2 and SF4), and 1 without acceleration as a reference sequence (RS). Five large arteries, 6 medium arteries, and
6 small arteries were evaluated quantitatively (reconstructed signal intensity, structural similarity, contrast ratio) and qualitatively (scores
on arteries, artifacts, overall image quality, and diagnostic confidence for aneurysm and stenosis). Comparisons were performed among
the 8 sequences.

RESULTS: The quantitative measurements showed that the reconstructed signal intensities of the assessed arteries and the struc-
tural similarity consistently decreased as the compressed sensitivity encoding acceleration factor increased, and no significant dif-
ference was found for the contrast ratios in pair-wise comparisons among SF2, CS2, and CS4. Qualitative evaluations showed no
significant difference in pair-wise comparisons among RS, SF2, and CS2 (P. .05). The visualization of all the assessed arteries was
acceptable for CS2 and CS4, while 2 small arteries in images of CS6 were not reliably displayed, and the visualization of large
arteries was acceptable in images of CS8 and CS10.

CONCLUSIONS: CS4 is recommended for routine brain TOF-MRA with balanced image quality and acquisition time; CS6, for exami-
nations when small arteries are not evaluated; and CS10, for fast visualization of large arteries.

ABBREVIATIONS: ACA ¼ anterior cerebral artery; BA ¼ basilar artery; CR ¼ contrast ratio; CS ¼ compressed sensing; L ¼ left; R ¼ right; RS ¼ reference
sequence without SENSE or CS-SENSE acceleration; RSI ¼ reconstructed signal intensity; SENSE ¼ sensitivity encoding; SF ¼ SENSE technique with acceleration
factors; SSIM ¼ structural similarity index; VA ¼ vertebral artery; PCA ¼ posterior cerebral artery

TOF-MRA is a noninvasive routine clinical method that does
not require intravenous contrast agents or exposure to radia-

tion for brain artery assessment.1-3 Previous studies have

demonstrated its high diagnostic efficacy in detecting cerebrovas-
cular diseases, which is comparable with that of DSA, and TOF-
MRA has been used to replace DSA in the diagnosis of cerebro-
vascular diseases for a range of clinical practices.2-5 However, the
relatively long scan time of conventional TOF-MRA can poten-
tially result in an uncomfortable experience for patients and
increased motion artifacts in images.6-8 Parallel imaging techni-
ques such as sensitivity encoding (SENSE) and generalized
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autocalibrating partially parallel acquisition have been imple-
mented in clinical practice in the past 2 decades for MR imaging
acceleration.9,10 However, the acceleration capability of parallel
imaging is limited by the number of receive coils, and the acceler-
ation factor rarely goes beyond 4 in clinical setups due to poten-
tial imaging artifacts and signal-to-noise ratio concerns.10,11

The compressed sensing (CS) technique by pseudorandom k-
space undersampling has shown its potential in fast MR imaging
with a relatively high acceleration factor and suppressed imaging
artifacts.6,12-15 Previous studies have shown that CS-accelerated
TOF-MRA outperforms traditional parallel imaging through
quantitative image evaluation, and the CS-accelerated sequence
has been applied for evaluating cerebral artery malformations,
aneurysms, and stenoses.6,16-18 In previous studies of CS TOF-
MRA, most cerebral aneurysms were recognized using a CS fac-
tor of 5 or 8 with 10 iterations.6 The diagnostic quality of several
distal arterial branches could be maintained on images with a CS
factor of up to 612 and improved visualization of small collaterals
in equivalent time (factor of 3); or equivalent results with a
shorter scan time (factor of 5) could be achieved by CS in com-
parison with parallel imaging.18 However, most of these studies
were performed at a single center or with a small number of sub-
jects, and there has been no consensus on the optimal CS acceler-
ation factor for 3D TOF-MRA. Therefore, a more comprehensive
study is required to verify the effectiveness of CS on TOF-MRA
and to identify the optimal CS acceleration factors for routine
clinical use, preferably in a multicenter study with more subjects.

In this work, we aimed to evaluate the effectiveness of CS-
accelerated TOF-MRA and identify the optimal CS acceleration
factors for clinical use in a cohort of 100 subjects from 5 centers
by systematically evaluating the image quality and diagnostic effi-
cacy of CS-accelerated TOF-MRA with 5 different acceleration
factors ranging from 2 to 10. These findings were compared with
results obtained by conventional SENSE with 2 acceleration fac-
tors and a nonaccelerated sequence.

MATERIALS AND METHODS
Ethics
This multicenter study was approved by the relevant institu-
tional review boards. Informed consent was obtained from all
participants.

Study Population
Between March 2019 and January 2020, we prospectively and con-
secutively enrolled participants at 5 different hospitals (located
in different cities in China): center 1: Beijing Tiantan Hospital,
Capital Medical University, in Beijing, 26 cases; center 2: Beijing
Royal Integrative Medicine Hospital, in Beijing, 30 cases; center 3:
The Affiliated Drum Tower Hospital of Nanjing University
Medical School, in Nanjing, 23 cases; center 4: the First Affiliated
Hospital of Dalian Medical University, in Dalian, 15 cases; and
center 5: Shengjing Hospital of China Medical University, in
Shenyang, 14 cases. The inclusion criteria were as follows: 1) older
than 18 years of age, and 2) healthy volunteers or participants sus-
pected or confirmed of having cerebrovascular diseases. The exclu-
sion criteria are included in Fig 1.

MR Imaging Protocols
Each participant was scanned head-first in the supine position at
3T (Ingenia CX; Philips Healthcare) at 1 of the 5 centers where
the MR imaging systems were located, with a 32-channel head
coil using compressed SENSE as the acceleration technique19,20

(a combination of CS and SENSE, hereafter referred to as CS-
SENSE) with the reconstruction algorithm shown in Equation 1,
which essentially followed the technique described by Lustig and
Pauley:21

p ¼ min ð
X]coils

i¼1
k md;i � ESd;ip k22 þl 1 k R�1n2p k22 þ l 2

k Wpk1Þ

where p is the image to be reconstructed; md,i is the measured
value for a given coil element after noise decorrelation; E is the
undersampled Fourier operator defined by the subsampling pat-
tern; Sd,i is the coil sensitivity for a given coil element after noise
decorrelation (obtained with the SENSE reference scan); l 1 is the
regularization factor for balancing between data consistency and
prior knowledge of image content; R is coarse resolution data
from the integrated body coil obtained with the SENSE reference
scan (used to constrain the solution during the regularization
process); l 2 is the regularization factor to balance the sparsity
constrain and data consistency in the iterative solution; and W is
the sparsity transform into the wavelet domain.

Each participant underwent 8 customized 3D TOF-MRA pro-

tocols (predesigned and optimized at Beijing Tiantan Hospital

and then replicated on the MR imaging systems of other hospi-

tals) in a random order. First, a routine brain MR imaging,

including transverse T2-weighted TSE, sagittal 3D T1 turbo-field

echo (known as MPRAGE), sagittal 3D-FLAIR, DWI, and SWI,

was performed for all participants with suspected or confirmed

cerebrovascular diseases, and after a period of 5–10minutes, the

8 TOF-MRA sequences were additionally scanned. For healthy

volunteers, routine brain MR imaging was optional, but the 8

TOF-MRA images were required. Among the 8 protocols, 5 used

FIG 1. Flow chart for participant inclusion.
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CS-SENSE with acceleration factors of 2, 4, 6, 8, and 10 (denoted as

CS2, CS4, CS6, CS8, and CS10, respectively); 2 used the conven-

tional SENSE technique with acceleration factors of 2 and 4

(denoted as SF2 and SF4, respectively); and 1 was a reference proto-

col without SENSE or CS-SENSE acceleration (denoted as RS). A

3D FOV was used to cover most cerebral arteries and the perical-

losal artery branches, including the intracranial segment of the

bilateral ICAs, the anterior cerebral artery (ACA, A1–A3 segments),

the MCA (M1–M4 segments), the distal bilateral vertebral arteries

(VAs, at least half of the V4 segment), the basilar artery (BA), and

the posterior cerebral artery (PCA, P1–P3 segments). A saturation

band was placed above the FOV to suppress the signals from veins.

The parameters for the 8 MRA protocols are listed in the Online

Supplemental Data. The reconstruction was performed in real-time

during the scan and did not affect the workflow of the hospital.

Image Evaluation
Images were transferred to the IntelliSpace Portal, Version 7.0
(Philips Healthcare) workstation and processed before evalua-
tions. First, all images were checked visually to exclude data with
insufficient quality due to unacceptable motion artifacts. Second,
image realignment was performed using SPM 12 (www.fil.ion.
ucl.ac.uk/spm/) for images acquired by the 8 sequences on the
same subject. Third, the patient and sequence information was
removed from all images. Finally, quantitative and qualitative
assessments were performed.

Quantitative image evaluations were performed on Matlab
R2016b (MathWorks). Because the iterative reconstruction of CS-
SENSE can result in artificial reduction of noise in MR images, it
would be inaccurate to use classic measurement approaches for cal-
culating the signal-to-noise ratio and/or contrast-to-noise ratio.
Instead, the reconstructed signal intensities (RSIs) of 11 cerebral
arteries, WM, and CSF were extracted from the source image–based
ROIs drawn by a neuroradiologist (Y.D., with .10years of experi-
ence). For the signal intensity measurements of the arteries, WM,
and CSF for each subject, ROIs were placed on the same slices of the
8 TOF-MRA source images. ROIs of the ACA, MCA, or PCA (such
as the A1, M1, and P1 segments) were drawn in the proximal seg-
ment, while ROIs of the ICA and VA (such as C7 and V4) were
drawn in the distal segment. In the case of stenosis, slight anatomic
variation, or occlusion, the proximal or distal segment with maximal
display in the same section of the 8 TOF-MRA source images was
selected for ROI measurements. The signal of the corpus callosum
was used to represent the WM signal.22 The CSF signal was mainly
acquired from the lateral ventricle. The contrast ratios (CRs) between
assessed arteries and WM (CRartery/wm) and between assessed arteries
and CSF (CRartery/csf) were calculated in Equation 2 as

23

CRtissue1=tissue2¼
jmtissue1 �mtissue2jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s tissue

2
1 þ s tissue

2
2

p

wheremtissue1 andmtissue2 are the ROI-based mean signal intensities
of 2 specific tissues, with s tissue1 and s tissue2 as the corresponding
variances. The assessed cerebral arteries included the left and right
ICAs (LICA, RICA), ACAs (LACA, RACA), MCAs (LMCA,
RMCA), VAs (LVA, RVA), PCAs (LPCA and RPCA), and the BA.
In addition, the structural similarity index (SSIM)24 was calculated

to measure the image similarity between each of the 7 accelerated
scans and the RS scan.20

The whole MIP radial axis in the foot-head direction (radial
angle ¼ 12°, fifteen projections in total, no preprocessing) was
used for visual depiction of the cerebral arteries. Qualitative
image evaluation was performed independently by 2 neuroradiol-
ogists (J.Y. and C.F., with .8 years of experience who were
blinded to the patient information and imaging parameters). The
image quality; visualization of large, medium, and small arteries;
and diagnostic confidence of arterial pathologies for all 8 proto-
cols were assessed according to the scoring system listed in the
Online Supplemental Data.15 Before the evaluation, the 2 neuro-
radiologists completed a training session with 5 patients on the
evaluation of the imaging findings.14 The mean scores of the 2
readers were used for subsequent statistical analyses.

Nonvisible distal arteries or branches due to severe stenosis or
occlusion were excluded from further analyses, but the normal
arteries in the same patient were still included. The criteria were
as follows: protocols with mean scores for large and medium
arteries of$3, small arteries of$2, artifacts of $2, overall image
quality of $3, and diagnostic confidence of $2 were considered
acceptable for clinical setup.

Statistical Analysis
Statistical analyses were performed using Matlab R2016b
(MathWorks). Repeated measures ANOVA tests were performed
for the RSIs, CRs, and SSIM among the 8 sequences, while differen-
ces between each pair of protocols were evaluated by multiple com-
parisons with P values corrected by the Bonferroni correction. The
interobserver reliability on qualitative evaluation was assessed
through the Cohen k test (excellent agreement if k . 0.9, good
agreement if k . 0.6). Qualitative scores from all sequences were
tested using the Friedman test, and multiple comparisons between
each pair of the 8 sequences were performed with P values cor-
rected by the Bonferroni correction. For all tests, P, .05 was con-
sidered statistically significant.

RESULTS
Participant Cohort
A total of 108 participants from the 5 centers were initially
recruited. Data from 8 participants were excluded due to motion
artifacts. Finally, 100 participants (46 men and 54 women; mean
age, 52.9 [SD, 16.5 ] years; age range, 23–88 years) were enrolled
(Fig 1). Fifty-nine participants had no artery pathologies and
included 50 healthy volunteers and 9 participants from the sus-
pected group. Forty-one participants showed artery pathologies,
including arterial stenosis only (n ¼ 29), arterial aneurysm only
(n ¼ 8), or coexisting arterial stenosis and an aneurysm (n ¼ 4).
The locations of the arterial stenoses and aneurysms are listed in
the Online Supplemental Data.

Quantitative Measurements
RSIs and SSIM. For all assessed arteries, WM, and CSF, significant
differences were observed for RSIs among the 8 protocols
(P, .05), as well as the SSIM among the 7 accelerated protocols
(P, .05). For each artery, WM, or CSF, as the SENSE or CS-
SENSE acceleration factor increased, the mean reconstructed signal
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intensity gradually decreased, and significant differences were
found between any 2 of the 8 protocols (P, .05, Fig 2) except
between SF4 and CS6. The SSIM also decreased as the SENSE or
CS-SENSE acceleration factor increased, and no significant differ-
ence was found between the SF2 and CS2 scans (P. .05, Fig 2).

Contrast Ratio. The mean CRartery/wm and CRartery/csf values
decreased slightly and gradually for most arteries when the CS-
SENSE acceleration factor increased (Online Supplemental Data).
Differences were found among the 8 MRA sequences for the CRs
using repeated measures ANOVA. Comparisons between any 2 of
the 8 sequences are listed in the Online Supplemental Data. No sig-
nificant difference was found for the CRs between any pairs of SF2,
CS2, and CS4.

Qualitative Assessments
Good or excellent agreement was reached between the 2 readers
for scoring artery visualization (k $ 0.812), artifacts (k $ 0.922),

overall image quality (k $ 0.901), and diagnostic confidence (k
$ 0.894).

Visualization of the Assessed Arteries. Significant differences
were found for the scores of all arteries among the 8 protocols
(P, .05, Online Supplemental Data). No significant difference
was found in pair-wise comparison between RS, SF2, and CS2 for
all arteries (P. .05, Online Supplemental Data). Images of RS,
SF2, CS2, and CS4 were acceptable for the assessment of all
arteries. Visualization of 2 small arteries (left anterior choroidal
artery [LAChA] and right anterior choroidal artery [RAChA])
became less reliable (mean score, 2, Online Supplemental Data)
in CS6 images. Reliable visualization of large arteries was still
maintained on images of CS8 and CS10 (mean scores. 3) but
not for some medium-sized and all the small-sized arteries.

Artifacts and Overall Image Quality. A typical artifact generated
by SENSE was observed in SF4, and speckled noise was found in

FIG 2. Measured RSIs for 11 arteries (LICA, RICA, LACA, RACA, LMCA, RMCA, LPCA, RPCA, LVA, RVA, and BA), WM, and CSF by the 8 sequences;
and the SSIM values for the 7 accelerated scans with reference to the RS scan (circles indicate individual measurements; black lines,mean values;
dotted black lines, median values; and green boxes, SD). Pairs without significant differences (P. .05) are connected with double arrow lines
because the P values in other pairs were all .000.
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the center region of images with SF4 (Fig 3D, -E). Curved striped
pattern artifacts were obvious for CS8 and CS10 (Fig 3G, -H). For
scores of artifacts and overall image quality, no significant differen-
ces were found in pair-wise comparisons among RS, SF2, and CS2
(Online Supplemental Data), and the mean scores decreased grad-
ually as the SENSE or CS-SENSE acceleration factor increased
(Fig 3).

Diagnostic Confidence for Arterial Aneurysm and Stenosis. No
significant difference in the diagnostic confidence was found in
the pair-wise comparisons among RS, SF2, and CS2 for either ar-
terial stenosis or an aneurysm (P. .05, Fig 4A, -B). All arterial
aneurysms (with diameters ranging from approximately 3 to
8mm and positions listed in Online Supplemental Data) and
most cases of arterial stenosis were well-diagnosed with RS, SF2,
and CS2 (nearly all scores were equal to 3 and were considered
acceptable), diagnosed with relative certainty with CS4 and CS6
(most scores were equal to 2 and the others were equal to 3,
acceptable), and unclearly diagnosed with SF4, CS8, and CS10
(most the scores were,2). Notably, the stenoses in the large
arteries (listed in the Online Supplemental Data) could be suc-
cessfully diagnosed on images of all 8 sequences. The zoomed
MIP images obtained by the 8 sequences for 1 patient with mild
stenosis in the BA (Fig 4C, -J) and for another patient with a tiny
arterial aneurysm of the right ICA (Fig 4K, -R) are shown.

DISCUSSION
In this study, the CS-SENSE technique with 5 different accelera-
tion factors was evaluated for brain 3D TOF-MRA in a cohort of
100 patients with images collected from multiple centers. A refer-
ence sequence without acceleration and 2 sequences using the
conventional SENSE technique were included for comparison.
CS-SENSE with an acceleration factor of 4 could provide bal-
anced image quality and acquisition times.

Obviously reduced image information was found from the
quantitative measurements (tendency of RSIs or SSIM) when the
CS-SENSE acceleration factors gradually increased from 2 to 10.
The possible reason was that sparser data sampling was achieved
for scans with higher acceleration factors.13 Although the mean
CRartery/wm and CRartery/csf values slowly decreased as the CS-
SENSE factor increased, no significant difference was found
between CRs for any pairs of SF2, CS2, and CS4, which indicated
that imaging contrasts (between assessed arteries and WM/CSF)
of CS4 were comparable with those of CS2 and SF2, despite the
increased acceleration factor.

CS2 could generate images with almost equally acceptable
quality compared with RS but with a reduction of 47.95% in scan
time, considering both the comparisons of the qualitative and
quantitative assessments. As the CS-SENSE acceleration factor
increased from 2 to 4 though there were obvious decreases in
some quantitative and qualitative assessments, images of both
CS2 and CS4 achieved acceptable image quality through qualita-
tive evaluations, including the visualization of all arteries, qualita-
tive scores of artifacts and overall image quality, and diagnostic
confidence of stenosis or aneurysm, according to the criteria in
this study. In this sense, CS4 yielded image quality lower than
that of CS2, which was a natural outcome of exaggerated under-
sampling, but CS4 images were still acceptable for diagnosis from
all the perspectives under evaluation in our study.

Given the reduced scan time (reduced by 48.68%) compared

with CS2, CS4 could be a practical setup in routine clinical scan-

ning. As the CS-SENSE acceleration factor increased from 4 to

6, visualization of the large and medium arteries was still accepta-

ble, agreeing with the previous study by Yamamoto et al.12

However, visualization of 2 small arteries (LAChA and RAChA)

became unacceptable according to the criteria in this study, which

might render CS6 unpromising for examinations of some small ar-

terial disorders, such as the evaluation of small intracranial

FIG 3. Subject count of scores for the 8 protocols about the artifacts (A) and overall image quality (B) and transverse images of different proto-
cols from 1 healthy subject (C–H). Speckled noise is found in the center region of SF4 image (red circle, D) compared with SF2 (C), and the SENSE
artifact is observed in SF4 (red arrow, E, different section from D). Curved striped pattern artifacts are obvious for CS8 (G) and CS10 (H) (red
arrows), but negligible for CS6 (F).
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FIG 4. Patient count of scores for the 8 protocols of the arterial stenosis (A) and aneurysms (B). Groups with significant differences (P, .05) are
connected by double arrow lines. Zoomed MIP images obtained by the 8 sequences for 1 patient with mild stenosis (anterior view). The BA has
a smooth boundary and uniform signal distribution in the region of the stenosis (red arrow) in images of RS (C), SF2 (D), and CS2 (F); it is visually
acceptable in images of CS4 (G) and CS6 (H), but with rough boundaries and granulated signal distributions in images of SF4 (E), CS8 (I), and CS10
(J). Zoomed MIP images obtained by the 8 sequences for a patient with a tiny arterial aneurysm in the eye segment of right ICA (inferior view).
The arterial aneurysm has an explicit boundary (red arrow) and can be well-diagnosed in RS (K), SF2 (L), CS2 (N), CS4 (O), and CS6 (P) (mean score
¼ 3) and can be diagnosed with relative certainty in CS8 (Q) and SF4 (M) (mean score¼ 2); but the boundary becomes rough and unclear in CS10
(R). Additionally, 3 distal arterial branches were marked by yellow arrows in each image (K–R). These arterial branches are clear and continuous in
RS (K), SF2 (L), CS2 (N), CS4 (O), and CS6 (P), but become discontinuous or even invisible in SF4 (M), CS8 (Q), and CS10 (R).
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vasculature and arteriovenous malformations in challenging
regions of the skull base.

As the acceleration factor increased to 8 or 10, visualization of
small and medium arteries became unacceptable and the diagnostic
confidence of arterial stenosis and aneurysms also became less
convincing (the small size of aneurysms in this study and exces-
sive sparsity of CS-SENSE might be possible reasons for the mis-
diagnosis of arterial aneurysms in large arteries). Moreover,
curved striped pattern artifacts became obvious, the boundaries
of the arteries became rougher, and some small arteries became
discontinuous or missing in images. All these factors increase
the potential risk of misdiagnosis or unclear diagnosis of possi-
ble pathologies. Nevertheless, reliable visualization for large
arteries and a high diagnostic rate for all 5 stenoses in large
arteries could be achieved by CS10. Considering the unprece-
dented short scan time (48 seconds), CS10 might be a fast
approach for visualization or stenosis screening for large arteries
(eg, ICA occlusion for emergency intravascular intervention).

Although conventional SENSE-accelerated TOF-MRA (such
as SF2) is clinically effective and widely used for the noninvasive
evaluation of cerebrovascular pathology, the long scan duration
and vulnerability to motion artifacts can still be problematic for
its clinical applications.25,26 From both qualitative assessments
and quantitative measurements, no significant difference was
found between CS2 and SF2. The RSIs of assessed arteries, WM,
and CSF in images in CS4 were obviously lower than those in SF2
due to the sparse sampling for CS-SENSE; however, the CRs were
basically equivalent. Furthermore, considering the acceptable vis-
ualization of assessed arteries, overall image quality, relatively cer-
tain diagnostic confidence of arterial stenosis and aneurysm, and
reduced scan time (reduced by 46.33% compared with SF2), CS4
could be considered a better choice than SF2 in routine clinical
settings. Additionally, the overall performance of CS4 was much
better than that of SF4. Even for CS6, the RSIs for all assessed
arteries, the mean scores for most arteries (14/17, 82%) and the
mean scores of artifacts (2.51 versus 1.97), and the overall image
quality (3.45 versus 2.93) were still higher than those with SF4.
Moreover, the diagnostic confidence for arterial aneurysms and
stenosis with CS6 was higher than that with SF4. These observa-
tions suggest the use of higher acceleration factors with CS-
SENSE in TOF-MRA clinical setups than with conventional
SENSE, which was consistent with previous studies.8,12

Speckled noise and SENSE artifacts were commonly observed
in the central part of TOF-MRA images with SF4, which was also
mentioned in previous studies,8 while these SENSE ghost artifacts
were rarely seen on the CS-SENSE images. However, in this
study, curved striped pattern artifacts were observed when the
CS-SENSE acceleration factor was .6 (obvious in CS8 and
CS10), especially around the skull boundaries. The possible origi-
nation of these curved striped pattern artifacts was thought to be
related to the phase-encoding direction and sparse sampling, pos-
sibly derived from the outer edge of the skull.18

The current study has several limitations. First, the final diag-
nosis of the arterial pathologies was confirmed by comprehensive
consideration of the MRA images, the routine MR images (T1, T2,
FLAIR, DWI, and SWI), and any other available clinical data. DSA
was not considered essential in this study due to its invasive

procedure. Furthermore, several studies have verified a good corre-
lation between MRA and DSA.4,5,27 Second, only 2 cerebrovascular
pathologies (arterial stenosis and aneurysm) were assessed in this
study. The performance of MRA with different CS-SENSE acceler-
ation factors for other possible vessel pathologies (eg, vascular mal-
formation) still merits further investigation. Additionally, the
influence of CS-SENSE on the diameters of aneurysms or rates of
stenosis was not included in the study, which would also be consid-
ered in future studies. Third, no comparison was performed
among different centers in this study. Fourth, the number of itera-
tions in the CS reconstruction that might have influenced the
image quality6 was not included. Fifth, only 1 neuroradiologist was
chosen for ROI drawing. Although we believe that the neuroradiol-
ogist with .10 years of experience was professional in drawing
ROIs, $2 readers would be better. Sixth, spiral TOF-MRA, which
potentially delivers high-quality intracranial vessel imaging at a
short scan time, was not included for comparison in the study 28,29

and will be studied in future work.

CONCLUSIONS
The CS-SENSE technique with an acceleration factor of 4 is gen-
erally acceptable for brain 3D TOF-MRA in clinical setups at 3T
with balanced image quality and acquisition times (117 seconds),
while CS6 (79 seconds) can be used for examinations in which
small arteries are not evaluated and CS10 (48 seconds) may be
suitable for fast visualization of large arteries.
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