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Abstract

Objectives To evaluate the feasibility of 0.2-mm isotropic lenticulostriate arteries (LSAs) imaging using compressed sensing

time-of-flight (CS TOF) at around 10 min on 7T, and compare the delineation and characterization of LSAs using conven-

tional TOF and CS TOF.

Methods Thirty healthy volunteers were examined with CS TOF and conventional TOF at 7T for around 10 min each. CS

TOF was optimized to achieve 0.2-mm isotropic LSA imaging. The numbers of LSA stems and branches were counted and

compared on a vascular skeleton. The length and distance were measured and compared on the most prominent branch in

each hemisphere. Another patient with intracranial artery stenosis was studied to compare LSA delineation in CS TOF and

digital subtraction angiography (DSA).

Results The number of stems visualized with CS TOF was significantly higher than with conventional TOF in both left

(p=0.002, ICC=0.884) and right (» <0.001, ICC=0.938) hemispheres. The number of branches visualized by conventional

TOF was significantly lower than that by CS TOF in both left (p <0.001, ICC=0.893) and right (p <0.001, ICC=0.896)

hemispheres. The lengths were statistically higher in CS TOF than in conventional TOF (left: p <0.001, ICC =0.868; right:

p<0.001, ICC=0.876).

Conclusions The high-resolution CS TOF improves the delineation and characterization of LSAs over conventional TOF.

High-resolution LSA imaging using CS TOF can be a promising tool for clinical research and applications in patients with

neurologic diseases.

Key Points

e 0.2-mm isotropic LSA imaging for around 10 min using CS TOF at 7T is feasible.

e More stems and branches of LSAs with longer lengths can be delineated with CS TOF than with conventional TOF at the
same scan time.

e High-resolution CS TOF can be a promising tool for research and applications on LSA.
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Abbreviation

3D Three-dimensional

7T 7 Tesla

ACA Anterior cerebral artery

CS Compressed sensing

DSA Digital subtraction angiography

GRAPPA Generalized autocalibrating partially parallel
acquisitions

ICA Internal carotid artery

LSA Lenticulostriate artery

MCA Middle cerebral artery

MIP Maximum intensity projection

MOTSA  Multiple overlapping thin slab acquisition

MRI Magnetic resonance imaging

MRA Magnetic resonance angiography

SAR Specific absorption rate

SNR Signal-to-noise ratio

TOF Time-of-flight

UHF Ultra-high field

Introduction

Perforating arteries are small branches of the main cerebral
arteries which supply the paramedian region of the brain
stem, diencephalon, and central part of the cerebral hemi-
spheres [1, 2]. Perforating arterial diseases, such as lipohya-
linosis or fibrinoid necrosis of small perforating arteries and
large-artery atherothromboses, which block the orifice of
the small perforating arteries, could lead to lacunar infarc-
tions that comprise approximately 25% of ischemic strokes
[3]. An example of perforating arteries are the lenticulostri-
ate arteries (LSAs), which branch from the middle cerebral
artery (MCA), anterior cerebral artery (ACA), and the bifur-
cation of the internal carotid artery (ICA) [2, 4]. Understand-
ing the artery characteristics that can describe the etiology or
pathogenesis of LSA disease is an essential prerequisite for
studying and treating lacunar infarction. However, the lack
of reliable LSA imaging methods hinders related applica-
tions and research.

Currently, digital subtraction angiography (DSA) has
been shown to be capable of imaging these vessels and is
regarded as the “gold standard” in clinic practice; however,
it is an invasive procedure given the need for an intra-arte-
rial approach (i.e., arterial catheterization). 7T time-of-
flight (TOF) magnetic resonance angiography (MRA) is an
emerging non-invasive method to visualize LSAs, due to
the increased signal-to-noise ratios (SNRs) and improved
contrast at ultra-high fields (UHF) [4-7]. 7T TOF MRA
enables the quantification of the number and length of LSA
branches, and the metrics are found to be associated with
disease symptoms [8—11]. However, high-resolution TOF
MRA requires long acquisition times. Kang et al reported
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LSA imaging with a voxel size of 0.23 x0.23x0.36 mm®
in 10 min 27 s [4]. Mattern et al demonstrated an isotropic
resolution of 0.15 mm with novel motion correction strate-
gies in about 2 h [12]. We also managed to achieve 0.3-mm
isotropic LSA imaging in 10 min 16 s using parallel imag-
ing acceleration (GRAPPA =3) [13] and partial Fourier
acquisition. Thus, it can be challenging for conventional
TOF MRA to achieve extremely high resolutions (e.g., <
0.20 mm isotropic) within a patient’s comfort and tolerance
accommodated scan time (e.g., about 10 min), which hinders
the large-scale clinical applications. Furthermore, the con-
ventional acquisition with thin slab thickness using single-
slab TOF MRA could result in insufficient coverage of the
complete LSA vascular tree or over-saturated vessel signals
[14], resulting in suboptimal MRA image quality.

It was recently demonstrated that the novel compressed
sensing (CS) acceleration technique could be implemented
in TOF MRA at 7T while preserving image quality [15-17].
Given its bright-blood nature, angiogram images are sparse
in pixel representation, making CS suitable for MRA appli-
cations. Together with the improved signal and contrast of
ultra-high fields, the acceleration potential of CS enables
higher TOF MRA resolution at 7T. However, imaging pro-
tocols from previous studies might not be optimal for LSA
extremely high-resolution imaging, since most of them
focused on imaging over larger arterial territories or with
reduced acquisition time [16, 17].

In this study, the imaging protocol was optimized for LSA
coverage, and achieved 0.2-mm isotropic LSA imaging using
CS TOF MRA, without significantly increasing the acquisi-
tion time. Specifically, the multiple overlapping thin slab
acquisition (MOTSA) technique was used for less signal sat-
uration [14, 18], and the segmented TOF scheme was used
for the specific absorption rate (SAR) consideration at UHF
[19]. The LSA images from CS TOF MRA were compared
with optimized conventional 0.3-mm isotropic TOF MRA
at the same scan time in healthy volunteers, in terms of LSA
delineation (stem and branch numbers) and characterization
(Iength and distance). Additionally, the delineation of LSAs
using UHF CS TOF MRA was also compared with DSA in
a patient with intracranial atherosclerosis.

Methods
Subjects

The initial technical evaluation was performed on seven
healthy volunteers (aged 24-32 years, 2 males) prior to the
study. The study recruited thirty healthy volunteers (aged
22-60 years, 10 males). All the healthy volunteers provided
written informed consent for the in vivo experiments. For
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direct comparison of LSA MRA with DSA, we studied one
patient (42-year-old male, provided written informed consent)
with symptomatic intracranial arterial stenosis on the M1 seg-
ment of the right MCA according to both DSA and 7T MRA.

All study was carried out in accordance with the institu-
tional guidelines and with approval from the Ethics Com-
mittee of Beijing Tiantan Hospital.

MRI data acquisition

All MR scans were performed on a 7-T MR system (MAG-
NETOM Terra, Siemens Healthcare) using a 32-channel
Rx/8Tx head-coil (Nova Medical) with a circular polarized
B1 mode.

An optimized 0.3-mm isotropic conventional TOF MRA
was performed. Compared with previous work [4, 11],
the optimization included increasing the flip angle, adopt-
ing multi-slab scans, and achieving local shimming. The
imaging parameters for conventional TOF MRA included
an oblique axial orientation, MOTSA [18] slabs =4, slab
thickness =13.2 mm, field of view =202 x 179x42.9 mm’,
voxel size =0.3x0.3x0.3 mm?>, TR/TE=15/5.61 ms, flip
angle=23°, GRAPPA acceleration =3, no venous suppres-
sion, and acquisition time =10 min 16 s.

A prototype CS TOF MRA was used to achieve 0.2-mm
isotropic LSA imaging. The imaging parameters included
oblique axial orientation, MOTSA slabs =4, slab thick-
ness=12.6 mm, field of view=196x 172 x42.8 mm?>,
voxel size=0.2x0.2x0.2 mm?>, TR/TE=15/5.61 ms, flip
angle=23°, CS acceleration = 8 (effective acceleration="7.2),
sparse venous saturation with segmentation=4, and acqui-
sition time =10 min 14 s. The CS reconstruction was per-
formed on a scanner following the previous study [17].

In addition, for the initial technical evaluation, an addi-
tional 0.2-mm convention TOF (acquisition time =19 min
38 s) and 0.3-mm CS TOF (acquisition time =5 min 33 s)
were also performed in the seven volunteers prior to the
study. The parameters were the same except for the acquisi-
tion voxel size.

Both CS TOF and conventional TOF MRA were used to
image LSAs and MCAs, and the shimming area was adjusted
to cover only the LSA area before scanning. Before imaging
the target vessels with high resolution, a scout TOF-MRA
with isotropic 1-mm voxel size and 70-mm axial coverage
was applied as a vessel localizer.

DSA data acquisition

Compared with the 7T CS TOF MRA study, conventional
cerebral angiographic examinations were performed using
a biplane angiographic unit (Axiom Artis dTA, Siemens
Medical Systems) using transfemoral catheterization. Iodi-
nated contrast material (iopromide, Ultravist 300 mg/L

Bayer Schering Pharma AG) was administrated with a power
injector through a 5-F catheter. The examination consisted
of a four-vessel 2D-DSA and 3D-DSA of the artery. The
3D-DSA imaging was based on rotational acquisitions,
covering 200°, resulting in 395 two-dimensional source
images in cine mode. The contrast agent was administered
at a volume of 24 mL (6 mL/s) to carotid arteries and 18 mL
(3 mL/s) to vertebral arteries.

Data analysis

The initial technical evaluation and the cohort experiment
followed the same process as below. Images were reviewed
and analyzed using commercial software (OsiriX MD,
Pixmeo SARL). Healthy subjects with either CS or con-
ventional TOF images corrupted by motion artifacts were
excluded from the analysis. Both TOF MRA images were
reformatted into coronal planes, and consecutive maximum
intensity projections (MIPs) with a 20-mm thin slab were
created. Using the coronal reformatted and raw images, the
LSAs arising from the M1 segment of the MCA, ACA, and
bifurcation of ICA were visually identified and then evalu-
ated as follows. The most prominent branch of the LSAs was
identified in each hemisphere.

For the image quality evaluation, the contrast-to-noise
ratio (CNR) and contrast ratio (CR) were calculated at 5 mm
above the MCA M1 between the prominent LSA and sur-
rounding brain tissue. The ROI areas for CNR and CR meas-
urements were set in a circle around 0.8 mm?. The CNR
was defined as follows: CNR = (mean (Signal; g, ) — mean
(Signalyj,.)) / std (Noise). The CR was defined as fol-
lows: CR =(mean (Signal; g,) —mean (Signal;,.)) / mean
(Signal,.). The SNR was calculated at two locations that
are MCA M1 (SNR,.,) and brain tissue (SNR;,..). The ROI
areas for SNR measurements were set in a circle around
3 mm?. The noise was measured at regions with no ana-
tomical structures. All the above signal measurements were
performed on the raw images. Detailed methods have been
described in previous work [11].

For the LSA delineation and characterization, SimVascu-
lar software (http://simvascular.github.io/) [20] was used to
build the vascular skeleton by manually tracing the center
lines of the MCAs and LSAs. This open-source software
package allows for the modeling and segmentation of vas-
culature, and has been used in numerous cardiovascular and
neurovascular studies [11, 21]. Tracing was manually per-
formed by a neuroscientist (Q.L.K., with 5 years of expe-
rience in MRI image interpretation) who was blinded to
the data and recursively screened the raw TOF images and
delineated the center points along each visible arterial seg-
ment. Tracing continued as long as the contrast ratio (CR)
between the LSA lumen and adjacent tissue was above 1.1.
The generated 3D skeletons of LSAs were examined by a
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neuroscientist and a senior neurologist (Z.Z., J.J.; 8 and
15 years of experience in TOF MRA, respectively), ensur-
ing that the skeletons reflected the central lines of the LSAs,
and the delineated length was reasonable according to the
pre-defined CR criterion. Cases with disagreement were
reviewed together and resolved by consensus. The number
of stems, number of branches, total length, and distance
between the origin and terminal point were analyzed on the
skeletonized vascular tree. Stems were defined as LSAs that
originated directly from the MCA M1, and branches were
defined as daughter vessels originating from the parent LSA
stems plus stem without any branches [9]. The total length
and distance were measured from the most prominent LSA
in each hemisphere.

Statistical analysis

All quantitative data were expressed as means + standard
deviations. The Wilcoxon signed-rank test was used to com-
pare the numbers of stems and branches between the two
imaging methods. A p-value < 0.05 indicated statistical sig-
nificance. The lengths and distances of the most prominent
LSA branch acquired by CS TOF MRA and conventional
TOF MRA were compared using Bland-Altman plotting
and a paired-sample #-test. Intraclass correlation coefficient
(ICC) was calculated and reported for all morphologic LSA
measurements. All statistical analyses were performed using
commercial software (SPSS 22.0, IBM).

Fig. 1 Comparison of conven-
tional TOF images and CS TOF
images in axils section (top
row) and coronal MIPs (slab
thickness =20 mm, bottom
row). CS TOF images show
more LSAs (red arrows). CS,
compressed sensing; LSAs,
lenticulostriate arteries; MIPs,
maximum intensity projections;
TOF, time-of-flight
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Results

For the initial technical evaluation, the representative coro-
nal LSA MIPs for the four scans (0.2-mm conventional and
CS TOF, 0.3-mm conventional and CS TOF) are shown
in Supplementary Fig. 1. Totally, 4 out of 7 healthy vol-
unteers obtained 0.2-mm conventional TOF images with
acceptable quality, which results from the motion artifact
and arterial pulsation artifacts. All 7 volunteers obtained
acceptable quality 0.2-mm CS TOF, 0.3-mm conventional
TOF, and 0.3-mm CS TOF images. The SNR and CNR
for the four scans (0.2-mm conventional and CS TOF,
0.3-mm conventional and CS TOF) are summarized in
Supplementary Table 1. For all 4 volunteers, the 0.3-mm
CS TOF had the highest SNR, followed by the 0.3-mm
conventional TOF, and then the 0.2-mm CS TOF, with the
0.2-mm conventional TOF having the lowest SNR. For the
CNR evaluation, the 0.3-mm CS TOF has the highest CNR,
the 0.2-mm conventional TOF has the lowest CNR, but
the 0.2-mm CS TOF has a higher CNR than the 0.3-mm
conventional TOF.

Fifty-two hemispheres from twenty-six healthy volun-
teers were included in the analysis with the acceptable image
quality from both CS TOF and conventional TOF. The rep-
resentative axial images and coronal MIPs from CS TOF
and conventional TOF in a healthy volunteer are shown in
Fig. 1. Small arteries were observed in both CS raw and MIP
images (red arrows, Fig. 1).
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The representative MIPs, as well as traced vessel skel-
etons generated from another volunteer, are demonstrated
in Fig. 2. In general, the traced vessel skeletons of both
methods demonstrated identical basic structures (Fig. 2).
However, in almost all instances, CS TOF MRA showed
more LSA branches in visual inspections (identical to the
following quantitative evaluation, in Table 1).

The SNRs measured at two positions for the two
methods are illustrated in Supplementary Figs. 2a and
2b. The SNRs in CS TOF were significantly lower than
TOF at both two positions for all hemispheres (SNR,,
left: p=0.002, right: p=0.012; SNR ;.- left: p<0.001,
right: p <0.001). The lumen-tissue CNRs measured with
the two methods are illustrated in Supplementary Fig. 2c.
CS TOF yielded CNR lightly higher than conventional
TOF, but there is no significant difference. Supplementary
Fig. 2d shows CS TOF has a higher contrast ratio in all
hemispheres (left: 4.7+ 1.6 vs. 2.7+ 0.8, p <0.001; right:
44+12vs.2.5+0.8,p<0.001).

The numbers of LSA stems and branches are summa-
rized in Table 1. The number of stems visualized on CS
TOF was significantly higher than on conventional TOF
(left: 7.4+1.7 vs. 6.8 1.6, p=0.002, ICC=0.884; right:
7.7+1.8 vs. 6.9+1.9, p<0.001, ICC=0.938). The num-
ber of branches visualized by conventional TOF was sig-
nificantly lower than that by CS TOF MRA (left: 24.0+5.1
vs. 17.8+4.3, p<0.001, ICC=0.893; right: 25.3 +5.8 vs.
18.2+4.5, p<0.001, ICC=0.896) (Fig. 3).

Lengths were statistically higher in CS TOF than in con-
ventional TOF (left: 55.4+4.2 vs. 51.3 +5.0, p<0.001,
ICC=0.868; right: 55.5+4.4 vs. 51.1+4.5, p<0.001,
ICC=0.876). The distance was also statistically higher
in CS TOF than in conventional TOF (left: 42.6 +4.6 vs.
39.5+5.1, p<0.001, ICC=0.916; right: 40.7 +3.6 vs.
37.8+3.9, p<0.001, ICC=0.913). This result demonstrated

Fig.2 The CS TOF and conven-
tional TOF MIPs of one volun-
teer (slab thickness =20 mm)
and corresponding vascular
skeletons. The extracted vascu-
lar trees show more branches

in CS TOF-MRA than in con-
ventional TOF. CS, compressed
sensing; MRA, magnetic
resonance angiography; MIP,
maximum intensity projection;
TOF, time-of-flight

Con TOF

that the vasculature visible using CS TOF was significantly
longer than that of conventional TOF (Fig. 4).

For the patient with intracranial atherosclerosis, the 2D
DSA showed limited delineation of LSAs, especially for
branches, whereas CS TOF delineates clear outlines and
origins of LSAs, and the distal branches (Fig. 5). Although
3D DSA has a better delineation of LSAs than 2D DSA, the
visual depiction of distal LSA branches is still inferior to that
of CS TOF (red arrows, Fig. 5).

Discussion

Using the 7T CS TOF technique, detailed in vivo MRA of
LSAs at 0.2-mm isotropic resolution was obtained. This
study compared the LSA numbers of stems, branches,
length, and distance between CS TOF and conventional
TOF. Results show that more stems and branches with
longer lengths can be delineated with CS TOF than with
conventional TOF, suggesting CS TOF MRA at 7T can be a
promising technique for characterizing LSA.

LSAs primarily feed the corpus striatum in the sub-cor-
tex and are essential for ensuring blood supply to the brain.
Assessment of LSA patency may provide crucial informa-
tion on risk stratification and treatment response. However,
it can be difficult to determine the pathogenesis of LSA-
territorial infarcts mainly because conventional imaging
modalities (3 T MRI/MRA, CTA) have been incapable of
properly visualizing with LSAs and their abnormalities.
Recently, ultrahigh-field magnetic resonance scanners have
become available, and high-resolution imaging at 7T has
been applied for the direct assessment of perforating arter-
ies using MRA.

For the potential of visualizing more LSAs, one 7T
study [9] has shown fewer numbers of stems and branches

@ Springer
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Table 1 Numbers of LSA

Lo Subject
stems and branches visualized

Left hemisphere

Right hemisphere

by CS TOF and conventional Stems

Branches Stems Branches

TOF at 7T, in the left and right

hemispheres CS-TOF TOF

CS-TOF TOF CS-TOF TOF CS-TOF TOF

S01
S02
S03
S04
S05
S06
S07
S08
S09
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25
S26

O = 00 00 O Wi © O © OV 0 1 © I O & © VOV Lt i © 9 L 9 & W
—

O O 0 1 1 L O AN O O 0N 0 1NN 0L R LY B

22 12 10 9 30 22
20 17 9 8 26 17
25 22 7 6 26 20
20 15 7 6 24 17
22 16 6 6 30 23
17 13 8 8 16 11
17 11 8 7 18 11
21 18 7 6 29 21
24 18 8 7 22 17
26 22 9 8 32 21
23 14 6 5 18 13
17 13 6 4 21 12
25 17 7 7 30 21
23 17 5 5 25 18
19 15 8 6 24 15
34 27 12 12 34 25
32 23 10 9 29 22
35 26 6 6 23 17
31 22 7 6 24 17
26 19 11 11 30 25
24 20 4 4 17 13
24 16 7 6 26 15
18 14 6 6 17 14
26 18 9 7 30 22
22 15 8 7 19 17
30 24 8 7 38 27

in hypertensive patients than healthy subjects. Another 7T
study [8] reported fewer lenticulostriate arteries supplying
the region of the basal ganglia in stroke patients compared
to healthy controls. Besides the number of LSAs, studies
have also reported morphology-related characteristics, for
example, higher curvature and tortuosity in hypertensive
patients [9] and shorter length and distance in symptomatic
side infarction patients. These and several other studies [10,
22,23] using 7T high-resolution MRA have revealed that the
visualization, numbers, and morphology-related characteris-
tics of LSAs help to illustrate the pathogenesis of stroke and
cardiovascular disease-related characteristics.

Ex vivo anatomy studies suggested that the number of
LSAs was significant and ranged in diameter from 0.08
to 1.5 mm [24]. Currently, most 7T TOF MRA imaging
resolutions are around 0.3 mm, and increasing the resolu-
tion to 0.2 mm may cover more spectrum of the lenticulo-
striate artery ranges. Theoretically, higher resolution may
allow more lenticulostriate arteries to be visualized, but
the higher resolution (> 0.2 mm) may require a longer scan
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time (may result in a low imaging success rate). A previ-
ous study reported more than a 2-h scan for 0.15 mm MRA
[12]. Considering the previous 7T TOF MRA studies on
the lenticulostriate artery scan [7, 19, 25, 26] and our 7T
experience, we designed to achieve 0.2 mm of around
a 10-min scan for LSA MRA to balance image quality
(for quantification) and subject comfort (less possibility
of motion-related artifact, since our 20-min scans have a
success rate of 4/7). The compressed sensing technique
applied has been demonstrated to improve the SNR effi-
ciency while preserving imaging quality due to its novel
acquisition trajectory (2D undersampling pattern with
about eightfold acceleration) and reconstruction [16, 17],
and signal sparsity nature of MRA. This initial study sug-
gested that 10-min CS TOF with a 0.2-mm resolution can
currently be one of the reliable and applicable methods for
LSA high-resolution imaging. With the next-generation
imaging acceleration techniques such as deep learning
[27], TOF MRA may be further improved for better LSA
visualization and characterization.
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Fig.3 Stems and branches of LSAs visualized by CS TOF-MRA and
conventional TOF-MRA (Con TOF). *Statistically significant differ-
ence. CS, compressed sensing; LSA, lenticulostriate artery; MRA,
magnetic resonance angiography; TOF, time-of-flight

Fig.4 Bland-Altman plots 5]
represent the differences in 1
(a) lengths and (b) distance

Compared with previous MRA studies [4, 11], more
stems, branches, and longer lengths of LSAs were reported
in this study, for both CS TOF and conventional TOF. This
can be due to optimized acquisition parameters and differ-
ent artery inclusion criteria: the longer TR/larger flip angle
(for reducing the saturation of slow-flowing blood) and the
MOTSA technique (instead of one slab acquisition for reduc-
ing avoid venetian blind artifacts) [4, 11, 18]. Four slabs
with 18.6% oversampling were used in this study to cover
all LSA regions. Further optimizations of the sequence can
be explored such as a lower resolution in the z-direction
for better SNR efficiency. Different artery inclusion criteria
were employed in the evaluation. All LSAs were counted,
including LSAs from the M1 segment of the MCA, ACA,
and bifurcation of ICA, whereas Zhang et al only counted
LSAs that originated from MCA M1 [11]. Also different
post-processing methods were adopted. This study managed
to avoid fainted distal end contrast problems using manu-
ally tracing the vascular skeleton on raw images instead of
counting the LSA numbers based on conventional 2D MIP
images [4]. These optimizations in acquisition and process-
ing enable TOF for better LSA characterization, even on the
conventional TOF images in the study.

DSA is commonly considered the “gold standard” for
LSA visualization. Kang et al suggested that the distribution

+1.96 SD o +1.96 SD

measured in the predominant 1 .

. 8.7 L] L] 6.5
vascular trees of CS TOF 5 e 5 s ® oo W
and TOF in the right and left i s * et o % . . ®e . .
hemispheres (RH/LH). CS TOF g ] . ".".' . . . 3 S8 3 M‘;“g
shows longer LSA vasculature 1 % . A * ® ee & s :.u'.
in both length and distance. o ®. '1'96_32 s . ® . ° * ¢
0 M 196 SD

CS, compressed sensing; LSA,
lenticulostriate artery; TOF,

time-of-flight (a) 40 50

Mean of length in CS TOF and TOF

1 \
60 70 (b) 30 35 40 45 50 55
Mean of distance in CS TOF and TOF

Fig.5 Comparisons of LSA between CS TOF and DSA in a patient
with symptomatic intracranial arterial stenosis on M1 segment of
right MCA. Both DSA images (2D and 3D) showed inferior visual

delineation of LSAs compared with CS TOF. CS, compressed sens-
ing; DSA, digital subtraction angiography; LSA, lenticulostriate
artery; MCA, middle cerebral artery; TOF, time-of-flight
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of LSAs can be visualized by DSA with a 3D reconstruction
of rotational angiography [28]. Our initial results showed
that CS TOF has better outlines and delineations of LSA
branches (Fig. 5) compared with both 2D and 3D DSA. In
addition, it is challenging to track LSA branches on routine
2D DSA due to the faint filling of LSA branches and the
disturbance of other vascular branches. Moreover, DSA is
invasive and requires intra-arterial catheterization, which
may carry substantial risks of morbidity or mortality [29].
Thus, the DSA technique might not be the method of choice
for screening healthy individuals or asymptomatic patients
if the subject appears to have risk factors for stroke. Whether
CS TOF can replace DSA and become the gold standard of
LSA imaging needs to be further verified in more settings.

There are several limitations in our study. Firstly, the
reconstruction of CS TOF is time-consuming (~ 12 min)
compared with conventional parallel imaging reconstruction
(instant results after acquisition). The reconstruction time is
nearly the same as the acquisition time for CS TOF and will
take longer with an increased acquisition matrix or the num-
ber of slabs. The reconstruction time can be addressed with
better hardware and new reconstruction approaches. Sec-
ondly, the vessel manual tracing method was implemented
in the research. While it can be precise for LSA delinea-
tions for this pilot research, the time-consuming labeling,
which takes hours to complete, may also hinder the clinical
applications. Advanced automatic tracing, segmentation,
reconstruction, and analysis of LSAs should be introduced
to facilitate fast and objective characterizations of arterioles.
Thirdly, the SNR/CNR measurements did not consider the
effect of parallel imaging or compressed sensing for noise
distribution. Lastly, this preliminary study included a rela-
tively small number of samples. The fidelity of using 7T
CS TOF for imaging LSAs and the clinical impact of LSA
findings should be evaluated further in a larger population
and patients.

Conclusions

This work demonstrates the feasibility of 0.2-mm LSA
imaging using CS TOF MRA. A higher resolution pro-
duces detailed delineation and better characterization of the
LSAs. The clinical value of CS TOF at 7T for imaging LSAs
should be evaluated in populations with different neurologic
diseases.
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