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1Department of Radiology and Biomedical Imaging, University of California, San Francisco
(UCSF), San Francisco, CA, USA

2Department of Radiology, Changhai Hospital, Shanghai, China
3Siemens Healthcare, Erlangen, Germany

4Siemens Healthcare, San Francisco, CA, USA

Abstract

Objective—Develop and optimize an accelerated, high-resolution (0.5 mm isotropic) 3D black
blood MRI technique to reduce scan time for whole-brain intracranial vessel wall imaging.

Materials and methods—A 3D accelerated T;-weighted fast-spin-echo prototype sequence
using compressed sensing (CS-SPACE) was developed at 3T. Both the acquisition [echo train
length (ETL), under-sampling factor] and reconstruction parameters (regularization parameter,
number of iterations) were first optimized in 5 healthy volunteers. Ten patients with a variety of
intracranial vascular disease presentations (aneurysm, atherosclerosis, dissection, vasculitis) were
imaged with SPACE and optimized CS-SPACE, pre and post Gd contrast. Lumen/wall area, wall-
to-lumen contrast ratio (CR), enhancement ratio (ER), sharpness, and qualitative scores (1-4) by
two radiologists were recorded.

Results—The optimized CS-SPACE protocol has ETL 60, 20% A-space under-sampling, 0.002
regularization factor with 20 iterations. In patient studies, CS-SPACE and conventional SPACE
had comparable image scores both pre- (3.35 + 0.85 vs. 3.54 + 0.65, p= 0.13) and post-contrast
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(3.72 £ 0.58 vs. 3.53 + 0.57, p=0.15), but the CS-SPACE acquisition was 37% faster (6:48 vs.
10:50). CS-SPACE agreed with SPACE for lumen/wall area, ER measurements and sharpness, but
marginally reduced the CR.

Conclusion—In the evaluation of intracranial vascular disease, CS-SPACE provides a
substantial reduction in scan time compared to conventional Tq-weighted SPACE while
maintaining good image quality.

3D black blood SPACE; Intracranial vessel wall MRI; Compressed sensing; Aneurysm;
Atherosclerosis

Introduction

Intracranial vascular diseases, including atherosclerotic plaques and aneurysms, are major
causes of ischemic or hemorrhagic strokes [1, 2]. The clinical management criteria for these
diseases depends on imaging of the lumen, while the source of the disorder—the vessel wall
—has rarely been considered. Recent capabilities of high resolution black blood MRI
(hrMRI) have enabled the visualization of the intracranial vessel wall characteristics [3].
Several recent studies have demonstrated the ability of hrMRI to differentiate between
different types of intracranial vascular disease [4], identify vulnerable atherosclerotic
plaques [5-7] and recognize ruptured and unstable aneurysms [8].

Previously, imaging of the intracranial vessel wall was performed using 2D turbo-spin-echo
hrMRI techniques [6, 8, 9]. Recently, variable flip-angle 3D fast-spin-echo sequences (such
as Sampling Perfection with Application optimized Contrasts using different flip angle
Evolution—SPACE) have been used by several groups to achieve high isotropic resolution
(0.4-0.8 mm) suitable for visualizing vessel wall abnormalities. These provide improved
visualization of the vessel wall and can achieve up to whole brain coverage [10-13].
However, even accelerated by traditional parallel imaging (PI) techniques (GRAPPA,
SENSE and partial Fourier), these techniques still require long scan times (~ 10 min) for
whole brain coverage, which are poorly tolerated by patients and are also vulnerable to
motion artifacts.

Compressed sensing (CS) technique enables accelerated MRI by nonlinear iterative
reconstruction of sparsely under-sampled A-space data [14, 15]. CS has been used to
accelerate black blood extracranial T1 weighted carotid plaque imaging using 3D gradient
echo sequences [16, 17], and also for the T2 mapping of the carotid plaque using a 3D fast-
spin-echo (CUBE) technique [18]. The combination of CS and Pl has also been used in
different clinical applications, including the breast [19], carotid plaque [20], abdomen [21]
and musculoskeletal disorders [22, 23].

To ensure that image artifacts are incoherent (noise-like), CS requires random sampling,
although in practice, pseudo-random under-sampling is widely-accepted. Poisson-Disk
sampling provides a homogeneous, random distribution of samples in A-space that is suitable
for CS [24]. Previously, a CS-SPACE sequence was developed using a variable-density
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Poisson-disc pattern for under-sampling, resulting in sixfold acceleration for imaging of the
knee [23]. However, there has been little reported work for using CS for accelerated
intracranial vessel wall imaging.

This study aims to evaluate and optimize CS for fast intracranial vessel wall imaging (VWI1).
We hypothesize that an optimized CS-SPACE approach will significantly reduce scan time
while maintaining diagnostic image quality for the assessment of intracranial vascular
diseases using high resolution acquisitions.

Materials and methods

Sequence design and imaging optimization

A T1-weighted SPACE prototype sequence was used in this study for intracranial vessel wall
imaging. The flip angle schedule was adopted from a previous study [10]. No additional
blood suppression module was used, and the black blood effect was achieved by the variable
flip angle train. It has been reported that high spatial resolution is required for reliable
diagnosis of intracranial vascular diseases; therefore this study utilized an isotropic
resolution of 0.5 mm [11].

Poisson-disc variable density acquisition with elliptical A-space coverage was used. The
center of A-space was fully sampled to allow computation of a coil sensitivity map for image
reconstruction [23]. A fully sampled 4-space center of size 24 x 24 was used for coil
sensitivity map estimation in this work. The binary undersampling mask is shown in Fig. 1.

The reconstruction used in this paper combines CS and PI by minimizing the following cost
function as described in [23]:

N
o 1 2
X = arg m)én 5,1;1 Y, ~ Fu(CSMn 0] x)2 + /1Wx1,

X being the image to be reconstructed. In the first term, the data fidelity term that ensures
data consistency, NV is the number of receive channels of the coil, Yy is the A~th raw data
channel, £, the undersampled Fourier transform, and CSM y, the respective coil sensitivity
map. In the second term, the regularization term, sparsity of the solution is promoted in the
wavelet domain by penalizing the L1 norm of W)y. The regularization parameter A balances
between smoothness and the reduction of noise and aliasing artifacts. The under-sampling
factor can be chosen freely. Pl was used for the full acquisition of the center of 4-space in
order to determine the coil sensitivity map.

For intracranial vessel wall imaging, under-sampling is challenging because the imaging
target—the vessel walls—are extremely thin structures that require reproduction of high
frequency information in A-space for accurate depiction. In order to evaluate and optimize
compressed sensing for intracranial vessel wall imaging, the acquisition parameters (ETL
and under-sampling factor) and reconstruction parameters (regularization parameters and
number of iterations) were optimized using the following approach in 5 volunteers: (1) the
ETL was fixed at 60, then under-sampling factors of 14, 17 and 20% were evaluated. The
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choice of these factors was based on preliminary experiments which showed a factor below
14% produced unsatisfactory image quality. (2) Three combinations of ETL and under-
sampling factors (ETL60 20%; ETL50 16.5%; ETL40 14%) were performed at a fixed scan
time for fair comparative evaluation. The choice of ETLs was based on previous studies [5,
10, 12]. An ETL longer than 60 can cause significant blurring, and an ETL shorter than 40 is
not time efficient. Scanning protocols are listed in Table 1. When optimizing acquisition
parameters, reconstruction parameters were set empirically to use a regularization parameter
of 0.002 and 20 iterations. Once the optimized ETL and under-sampling factor (which
provided the best image quality) were determined, regularization parameters of 0.0005,
0.001, 0.002 and 0.004 were evaluated (number of iterations was fixed at 40). The influence
of 10, 20, 30 and 40 iterations were also evaluated.

Study population

MR imaging

Five healthy volunteers (4 male, age 31.8 £ 6.3) without intracranial vascular disease and 10
patients (6 male, age 55.3 * 18.1) with intracranial vascular diseases were recruited from
two centers. All volunteers were recruited at the University of California San Francisco
(UCSF). Seven patients were recruited at UCSF, and 3 patients were from Changhai
Hospital, Shanghai, China. Sixteen intracranial vascular lesions were identified in 10
patients, including 11 aneurysms [7 internal carotid artery (ICA), three middle cerebral
artery (MCA), and one anterior communicating artery (AComm)], three atherosclerotic
plaques [two vertebral artery (VA) plaque, one VA occlusion], one VA dissection and one
ICA-MCA vasculitis. This study was conducted under local IRB approval of UCSF
(reference number: 10-03248) and Changhai Hospital in Shanghai (reference number:
CHEC2013-204). All subjects involved gave informed written consent for study
participation.

Subjects were scanned on 3T Siemens Skyra scanners using standard 20 channel phased-
array head and neck coils. A T1 SPACE protocol with conventional acceleration (GRAPPA
2 in phase direction, 6/8 partial Fourier in slice direction and elliptical A~space sampling)
was used [10]. Non-selective 90° excitation pulses were used. Images were acquired in the
sagittal plane with whole brain coverage and 0.5 mm isotropic resolution. The frequency
encoding direction was head to feet, and phase encoding directions were anterior—posterior
and left-right. A flip down pulse module at the end of the refocusing RF pulse train was
used to improve the T1 contrast of the vessel wall [12]. The protocol was optimized on
volunteers scanned using CS-SPACE protocols with different ETLs and under-sampling
factors. SPACE and CS-SPACE parameters that were used in the optimization are listed in
Table 1. Patients were scanned with SPACE (ETL 60) and the optimized CS-SPACE (ETL
60 and 20% under-sampling) protocols, both pre- and post-Gd injection. The CS
reconstruction was implemented in-line on the scanner with a computation time of 3-12
min, depending on the number of iterations. Reconstruction was performed in the
background while other acquisitions were running.

Acquisition with a 0.6 mm isotropic resolution CS-SPACE protocol (ETL 60, 20% under-
sampling, scan time 4:08 s) was also evaluated in four patients (one with vertebral
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dissection, one with vertebral occlusion, one with two MCA aneurysms, and one with MCA-
ICA vasculitis), and the image quality was reviewed both pre- and post-contrast.

Image analysis

Images with strong motion artifacts were excluded in the analysis. Qualitative image quality
was evaluated by experienced radiologists (BT, LE and CH) using a four-point scale.

Score 1: Vessel wall not seen clearly; poor image quality.

Score 2: Vessel wall seen in part; diagnostic image quality.

Score 3: Vessel wall seen clearly in most parts; good image quality.

Score 4: Sharp vessel wall confidently delineated; excellent image quality.

Because A-space under-sampling is intrinsically anisotropic in that data is only under-
sampled along phase-encoding directions, the image quality was evaluated in specific
imaging planes (sagittal, coronal or axial). For the volunteer scans, the image quality of the
MCA (in the sagittal plane), ICA (in the sagittal plane and the axial plane), basilar artery (in
the axial plane) were separately evaluated by a radiologist (BT), blinded to the different
sequences used. The image quality of different CS-SPACE protocols was compared with that
of original SPACE, and the best protocol was determined.

For the patient studies, image quality was evaluated using 3D multi-planar reconstruction in
order to best visualize lesions of interest. Each lesion was independently assigned an image
score by two radiologists (LE and CH), blinded to the image sequences used. Both pre- and
post-contrast images were evaluated. Each radiologist also independently reviewed the
vessel wall enhancement (dichotomized as either YES or NO) after contrast injection.

In the volunteer study, three continuous slices from the center of the MCA M1 segment (in
the sagittal plane), the ICA C2 segment (in the axial plane) and the middle of the basilar
artery (in the axial plane) were chosen for quantitative analysis. The lumen and outer wall
boundaries were manually drawn in both SPACE and CS-SPACE sequences using Osirix
software (Pixmeo, Switzerland). The lumen area, wall area and wall to lumen contrast ratio
(CRwall/lumen = signal of wall/signal of lumen) were calculated. Area measurements from
each CS-SPACE protocol were compared with SPACE. The protocol with best agreement
and highest CRyali/lumen Was determined.

In the patient study, quantitative analysis was performed on 3 continuous slices from each
lesion. For patients with atherosclerotic disease, these slices were centered at the location of
maximal plaque area; for patients with aneurysmal disease, these slices were centered at the
location of maximal aneurysm diameter. The evaluated slices were placed perpendicular to
the central line of the vessel. For the patient with ICA-MCA vasculitis, three slices at the
middle of MCA M1 segment were used. The lumen and wall areas and CRyai1/lumen Were
measured and calculated and compared between CS-SPACE and SPACE. The sharpness of
the vessel wall inner/outer boundaries was measured using a method previously defined [25]
using Micro View software (Parallax Innovations Inc., Ontario, Canada). The images were
first interpolated by a factor of 10. Two straight orthogonal lines were drawn perpendicular
to the vessel boundaries and the line intensity profiles were generated. These two lines were
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anterior—posterior and inferior-superior for MCA or anterior communicating artery (in
oblique sagittal planes) and anterior—posterior and left-right for ICA/basilar artery/vertebral
artery (in axial planes). Based on the profile, the sharpness was defined as: sharpness = 1/d,
where d'is the distance between positions of 20 and 80% of the difference of maximum and
minimum intensity values (in mm) [25]. Quantitative analysis of patient images was
performed on both pre- and post-contrast images. The enhancement of the vessel wall was
quantified as enhancement ratio (ER): signal of vessel wall post-contrast/signal of vessel
wall pre-contrast. The ERs measured on CS-SPACE was compared against SPACE as a
reference standard.

Statistical analysis

Results

Normality assumptions were formally assessed using the Shapiro—Wilk’s test. Distributions
were summarized using the median [inter-quartile range (IQR)] or the mean * standard
deviation (SD). Paired student ftests or Wilcoxon signed rank paired test were used to
compare measurements from two methods. ANOVA was used to compare measurements
from multiple protocols. Intraclass correlation coefficient (ICC) was used to test the
agreement of two measurements. A 2-sided p value of less than 0.05 was considered
significant. GraphPad prism 5 (GraphPad Software Inc., CA, USA) and R Statistics (version
3.1.3, www.r-project.org) were used for statistical analyses.

Optimization of CS-SPACE

Sample images obtained during optimization of acquisition parameters in a healthy
volunteer’s basilar artery are shown in Fig. 2. ETL60-20% and ETL50-16.5% had the best
image quality compared with other CS-SPACE protocols. The qualitative image scores of
SPACE and different CS-SPACE protocols are shown in Table 2, and the bar plots are shown
in supplemental Figure S1. The CS-SPACE protocols with best image quality were
ETL60-20% (image score 3.08 + 0.57) and ETL50-16.5% (3.14 + 0.65); however, their
image scores were still slightly lower than those for SPACE (3.46 + 0.76). There was no
significant difference between the scores of ETL60-20% and ETL50-16.5% (p = 0.56). Both
SPACE and optimized CS-SPACE achieved good image quality (average scores > 3).
Optimized CS-SPACE protocols reduced total scan time by 37-38% compared with
conventional SPACE. When the ETL was fixed, the reduction of A-space sampling from 20
to 14% reduced the image quality of CS-SPACE. When the under-sampling factor was fixed
(14 or 17%), a shorter ETL improved the image quality, at the cost of increased scan time.
Of the different vascular beds, the MCA demonstrated the best image quality, while the
basilar artery had the lowest image quality. For the ICA, the image quality in the sagittal
plane was significantly higher than that in the axial plane.

The quantitative measurements of areas/contrast ratios are shown in Table 3. There was no
significant difference between SPACE and CS-SPACE for lumen area measurements (p =
0.18). The ETL60-20% and ETL50-16% had comparable outer area (o= 0.48 and 0.78,
respectively) and wall area measurements (p = 0.98 and 0.55, respectively) compared with
SPACE. However, ETL60-17%, ETL60-14% and ETL40-14% overestimated the outer area
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and wall area (p < 0.01). CS-SPACE protocols had slightly higher contrast ratio compared
with SPACE (p = 0.007). ETL60-20% had the best agreement of vessel area measurement
compared with SPACE with an average ICC of 0.89. Together with the consideration of the
image score, ETL60-20% was chosen as the optimized CS-SPACE protocol.

Images of the basilar artery in a volunteer are shown with different regularization factors in
Fig. 3. The radiologists determined that a regularization factor of 0.002 was optimal for
visual review. The radiologists also found that there were no visual differences among
images with a number of iterations from 10 to 40. The reconstruction times for 10-40
iterations were 3, 6, 9 and 12 min. Therefore, to limit reconstruction time, the number of
iterations was set to 10. The in-line reconstruction time for the optimized protocol was 3
min.

Patient studies

Of the 10 patients included in the study, eight completed the full MRI examination. One
aneurysm patient did not have CS-SPACE scans pre-contrast due to limited time. In total,
there were 19 pairs of SPACE and CS-SPACE data sets available for comparison (9 pairs of
pre-contrast and 10 pairs of post-contrast). No patient had an image score of 1 (non-
diagnostic), so no imaging dataset was excluded in the analysis. Sample images of patients
with vasculitis, dissection andaneurysms are shown in Figs. 4, 5, and 6, respectively.

Qualitative rating of SPACE and CS-SPACE images for each lesion are shown in Table 4.
Both SPACE and CS-SPACE achieved good image quality for the average (score > 3). CS-
SPACE had comparable image quality compared to SPACE, both pre- and post-contrast (p >
0.05). The two reviewers had good agreement for image scoring [ICC (95% CI) = 0.765
(0.584, 0.868)]. Both radiologists identified vessel wall enhancement in 13 of 16 lesions, and
there was perfect agreement between radiologists and between sequences. Quantitative
vessel areas, contrast ratio, and sharpness measurements of SPACE and CS-SPACE are
summarized in Table 5. CS-SPACE had comparable lumen/wall area measurements, vessel
wall sharpness and enhancement ratio with SPACE (p > 0.05), but had a slightly lower wall/
lumen contrast ratio (p = 0.02). There was excellent agreement of vessel area and
enhancement ratio measurements between sequences (ICCs > 0.89).

Sample images of 0.6 mm isotropic CS-SPACE are shown in Fig. 4. The 0.6 mm CS-SPACE
protocol had overall lower image quality compared to CS-SPACE 0.5 mm or SPACE 0.5 mm
(image scores in 4 patients: 3.50 = 0.53 vs. 4.00 £ 0.00 and 4.00 + 0.00, respectively), but
still achieved good diagnostic image quality on average (> 3). All cases of contrast
enhancement were detected on 0.6 mm CS-SPACE.

Discussion

To our best knowledge, this is the first study that applies compressed sensing to 3D black
blood intracranial vessel wall imaging. The acquisition and reconstruction parameters for
CS-SPACE were optimized. With the optimized sequences, the feasibility of using these
acceleration methods was demonstrated in a small group of patients with variable
intracranial vascular diseases. The optimized CS-SPACE showed comparable image quality
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and reliable measurements of vessel areas and contrast enhancement when compared to
SPACE, with a scan time reduction of 37%. Using CS-SPACE, 0.5 mm isotropic resolution
intracranial vessel wall imaging with whole brain coverage was feasible in less than 7 min.

Imaging and quantification of the intracranial vessel wall characteristics is technically
demanding because: (1) the combined thickness of the intima, media and adventitia of the
intracranial arteries is small (< 0.5 mm in the absence of disease [26]): (2) the anatomy of
the intracranial arteries rarely fits standard anatomic planes; and, (3) it is challenging to
generate sufficient contrast between vessel wall and surrounding blood/cerebrospinal fluid/
brain parenchyma. Three-dimensional fast-spin-echo T1 with variable flip angle acquisition
has been proposed as a promising tool for intracranial vessel wall imaging given its high
scan efficiency, high isotropic resolution (0.4 to 0.8 mm) and intrinsic black blood effect [11,
27]. However, acquiring such a high resolution 3D dataset often requires a scan time of ~ 10
min. A post-contrast scan is also required, which further lengthens the scan time. These long
scan times are poorly tolerated by patients, especially symptomatic patients following a
stroke or TIA. Lengthy scan times also increase the incidence of motion-related artifacts,
which increase the failure rates of MRI studies [28]. The CS-SPACE method used in this
study significantly reduces scan time (by more than 1/3) while maintaining excellent image
quality. It improves patient comfort, reduces cost, and has the potential of improving the
successful rate of MRI exams. It may facilitate the use of 3D intracranial vessel wall
imaging in a clinical setting.

Our preliminary test of a 0.6 mm isotropic resolution CS-SPACE protocol also showed good
image quality and characterization of vessel wall enhancement in a scan time as short as 4
min. In the clinical setting, most MRI sequences are shorter than 5 min. Therefore, this
protocol has high potential for use in routine clinical scans. Such results, although
promising, need to be interpreted with caution since reduced resolution may negatively
influence the evaluation and quantification of vascular disease. A previous study showed that
a reduction of resolution in 3D fast-spin-echo (from 0.4 to 0.5 mm) might cause a highly
stenotic intracranial artery to appear totally occluded because of partial volume effects of the
narrowed lumen [11]. However, lower resolution may be sufficient for evaluating certain
vessel wall characteristics, for example, the size of large intracranial aneurysms and the wall
enhancement pattern in vasculitis. Ideally, an optimized imaging resolution should be chosen
based on the specific application, with a balance between diagnostic performance and scan
time. Our proposed compressed sensing method can reduce the scan time regardless of the
resolution.

The CS approach has benefits over traditional Pl methods. To match the acceleration factor
of CS-SPACE (5 in this study) using conventional imaging, a GRAPPA/SENSE acceleration
of 2 x 2 (together with elliptical scanning) is needed. The use of such high acceleration
factors significantly reduces SNR and results in poor image quality. A sample image using
GRAPPA 2 x 2 and elliptical scanning in a healthy volunteer is shown in supplemental
Figure S2; significantly lower SNR is clearly apparent. In contradistinction, our study shows
that CS-SPACE maintains good SNR with an acceleration factor of 5.

MAGMA. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 9

A standard 20-channel head coil was used in this study. The use of 32 channel or 64 channel
head coils has potential to further improve the image quality. Although Poisson-Disk has
been accepted as an efficient algorithm for generating random under-sampling patterns,
several methods, including our previously developed method CIRCUS [29], have been
developed for providing smoother transitions in the view ordering, especially for gradient
echo sequences, that help avoid eddy current errors.

Online reconstruction was implemented on the scanner and GPU computing was enabled.
Reconstruction of the optimized protocol took only 3 min and, as it ran in the background, it
did not interrupt continued scanning. These features would facilitate the use of CS-SPACE
in the clinical setting.

Similar to previous whole brain studies [10, 12], images were acquired in the sagittal plane.
Thus, A-space was under-sampled only in the two phase encoding directions (left-right and
anterior—posterior). The anisotropic under-sampling led to different image quality
degradation in different imaging planes. Images in the axial plane had the worst image
quality because both directions were undersampled. As the BA/VA vessel wall was best
visualized in the axial plane, CS-SPACE had relatively lower image quality for the
evaluation of BA/VA compared to other arteries. For the evaluation of a specific vessel, the
choice of the frequency encoding direction should be considered for optimized image
quality.

Contrast enhancement is associated with an increased risk of stroke symptoms [5]. We found
CS-SPACE can reliably characterize and quantify contrast enhancement of the vessel wall.
CS-SPACE can also reliably quantify vessel areas, and can potentially replace SPACE for
the quantitative measurement of intracranial wall features.

In this study, we evaluated only T1-weighted imaging techniques. Other groups have
reported 3D multi-contrast intracranial vessel wall imaging (T1-, T- and proton density
weighted) [30, 31], however, at a much lower resolution (0.8 mm isotropic, 4 times of voxel
size compared with the current study 0.5 mm isotropic). To achieve high isotropic resolution
in T2 weighted imaging is challenging, given the longer TR (> 2000 ms) and the blurring
caused by long ETLs (around 100). Future study is needed to evaluate the performance of
CS for T,-weighted fast-spin-echo imaging.

As can be observed in the figures, residual ripple-like artifacts and slightly differing contrast
are present in some CS-SPACE images. Although such artifacts were mostly not in the
vessel wall, limitations of the compressed sensing undersampling need to be recognized. The
reconstruction had a SENSE component (the data fidelity term, with explicit use of the coil
sensitivities), thus aliasing artifacts occurred in cases where the FOV was not sufficiently
large. In some of our patients this was the case and induced ripple-like artifacts (for example
in Fig. 6). This limitation of the reconstruction algorithm that was used in this paper can be
overcome by using the ESPIRIT approach [32]. The different contrast may also be partially
attributed to the actual A-space trajectory. Both SPACE and CS-SPACE used Cartesian
sampling with radial-like reordering, i.e., each echo train went through the center of k space.
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However, the variable density sampling pattern of the A-space in CS-SPACE, and the
differences in the actual reorderings, could lead to slight contrast differences.

To our knowledge, there have not been studies applying compressed sensing for intracranial
black blood vessel wall imaging. Previous compressed sensing vessel wall studies have
focused on carotid plaque imaging, including plague morphology imaging using 3D gradient
echo sequences with black blood preparation [16] or 3D fast spin echo sequences (CUBE)
[20] and T2 mapping [18]. Makhijani et al. used a hidden Markov tree model based
compressing method for carotid plaque imaging using a diffusion prepared gradient echo
sequence (MERGE), and found that a 4.5-fold acceleration achieved imaging quality
comparable to a fully sampled reference in 6 patients with carotid diseases [16], which is
comparable with the optimized acceleration factor in this study (fivefold). Yuan et al.
investigated a compressed sensing based 3D multi-contrast fast-spin-echo imaging of the
carotid plague in 12 volunteers and 8 patients [18]. The sequence they used (CUBE) is
comparable with the sequence in this study (SPACE). Although they reported CS-CUBE had
good agreement with full sampled CUBE in carotid wall area measurements, they achieved
an acceleration factor of only 1.5 or 2, which provided only a limited reduction in scan time.

There are a number of limitations in this study. First, the technique was evaluated in only a
small number of patients. Specifically, very few patients were enrolled with atherosclerosis,
dissection or vasculitis. CS-SPACE needs to be evaluated in a larger number of patients to
prove its clinical feasibility for the diagnosis of intracranial vascular diseases. Second, there
is a lack of a gold standard for measuring vessel wall dimensions. A resolution phantom will
be useful to assess the accuracy of the techniques. Third, other A-space sampling patterns
were not tested and compared in this study, and future studies of those approaches are
warranted. Fourth, we did not optimize the 0.6 mm CS-SPACE protocol. Due to the different
SNR, resolution and matrix compared with the 0.5 mm protocol, the optimized parameters
could be different. However, the fast 4 min protocol we proposed in this study was only a
proof of concept. Optimization of the imaging resolution and CS-SPACE parameters should
be evaluated in the future for specific clinical applications.

Conclusion

CS-SPACE can achieve high resolution, isotropic, whole brain intracranial vessel wall
imaging with acceptable image quality compared to SPACE, while significantly reducing the
scan time. This technique has the potential for use in the clinical setting in the evaluation of
patients with cerebral vascular diseases.
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Slice encoding direction (Z)

v

Phase encoding direction (Y)

Fig. 1.
The k-space sampling pattern used in CS-SPACE. A variable density Poisson disc

distribution was used in the kz—ky plane in 3D MR imaging with a 24 x 24 fully sampled
region around the A-space center. No undersampling was done along the readout direction
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ETL60-14% ETL50-16.5% i ETL40-14%

Fig. 2.
Optimization of acquisition parameters in a volunteer. Middle slice of the basilar artery is

shown. Optimized protocols are shown in the boxes. Arrows show basilar artery wall
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Fig. 3.

Optimization of regularization parameter in a volunteer’s basilar artery. Optimized
regularization parameter is shown in the box. Arrow shows the basilar artery wall
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Pre-contrast Post-contrast

Coronal Sagittal Coronal Sagittal

CS-SPACE
0.5mm

CS-SPACE
0.6mm
4:08s

Fig. 4.
A patient with vasculitis. Post-contrast images show strong circumferential enhancement of

the left internal carotid artery and left middle cerebral artery. Arrows show the vessel wall
and enhancement. All three protocols can identify vessel wall and enhancement clearly. CS-
SPACE 0.6 mm images have slightly lower image quality due to decreased resolution
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Pre-contrast Post-contrast
Sagittal Axial Sagittal Axial
S W

CS-SPACE
0.5mm
6:48s

Fig. 5.
A patient with vertebral artery dissection. Arrows show vertebral artery wall and

enhancement. Both protocols can identify vessel wall and enhancement clearly. Note the
degraded image quality in axial plane compared with sagittal plane
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Pre-contrast Post-contrast
SPACE 0.5mm SPACE 0.5mm CS-SPACE 0.5mm
(10:50) (10:50) (6:48)

Coronal

Axial

Fig. 6.
A patient with 3 ICA aneurysms. Arrows show aneurysm wall and enhancement. Both

protocols can identify vessel wall and enhancement clearly
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Qualitative image scores of SPACE and CS-SPACE in patients

Reader 1 Reader 2

SPACE pre 323+0.83 3.46+0.88
CS-SPACE pre 3.38+0.77 3.69+0.48
pvalues 0.63 0.25

SPACE post 356+0.73 3.88+0.54
CS-SPACE post 3.63+0.62 3.44+0.51
pvalues 1.00 0.06

SPACE pre + post 341+0.78 3.69+0.66
CS-SPACE pre + post  3.52+0.69 3.42+0.51
pvalues 0.51 0.34
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Table 5

Page 23

Quantitative measurements comparison between SPACE and CS-SPACE images in patients (from 16 lesions,
mixed pre- and post-contrast)

SPACE CS-SPACE pvalue ICC (95% ClI)
Lumen area (mm~1) 225+314 233+33.7 040 0.993 (0.989, 0.996)
Wall area (mm™1) 23.0+174 234+16.0 051 0.967 (0.947, 0.980)
Wall/lumen contrast ratio 226+0.85 209+0.63 0.02 N/A
Enhance ratio 144+046 147+042 047 0.897 (0.787, 0.952)
Sharpness-inner boundary (mm=1) 1.71+£0.58 173+0.61 0.91 N/A
Sharpness-outer boundary (mm=1) 2.16+0.73 212+0.70 0.73 N/A
Sharpness-mean (mm™1) 1.94+047 192+048 0.83 N/A
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