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Abstract

Objectives The objective of this study was to explore the feasibility of using intracranial T1-weighted vessel wall imaging (VWI)
to visualize the lenticulostriate arteries (LSAs) at 3T.

Material and methods Thirteen healthy volunteers were examined with VWI at 3T and TOF-MRA at 7T during the same day. On
the vascular skeletons obtained by manual tracing, the number of stems and branches of LSAs were counted. On the most
prominent branch in every hemisphere, the contrast-to-noise ratio (CNR), the full length and the local length (5-15 mm above
MCAs) were measured and compared between the two methods. Nine stroke patients with intracranial artery stenosis were also
recruited into the study. The branches of LSAs were compared between the symptomatic and asymptomatic side.

Results The extracted vascular trees were in good agreement between 7T TOF-MRA and 3T VWI. The two acquisitions showed
similar numbers of the LSA stems. The number of branches revealed by 3T VWI was slightly lower than 7T TOF. The full
lengths were slightly lower by VWI at 3T (p = 0.011, ICC = 0.917). The measured local lengths (5-15 mm from MCAs) showed
high coherence between VWI and TOF-MRA (p = 0.098, ICC = 0.970). In stroke patients, 12 plaques were identified on MCA
segments, and nine plaques were located on the symptomatic side. The average numbers of LSA visualized by 3T VWI were 4.3
+1.3 on the symptomatic side and 5.0+1.1 on the asymptomatic side.

Conclusion 3T VWI is capable of depicting LSAs, particularly the stems and the proximal segments, with comparable image
quality to that of 7T TOF-MRA.

Key Points

o Tl-weighted intracranial VWI at 3T allows for black-blood MR angiography of lenticulostriate artery.

* 3T intracranial VWI depicts the stems and proximal segments of the lenticulostriate arteries comparable to 7T TOF-MRA.

o It is feasible to assess both large vessel wall lesions and lenticulostriate vasculopathy in one scan.
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Abbreviations

3D Three-dimensional

7T 7 Tesla

CNR Contrast-to-noise ratio

CR Contrast ratio

CSF Cerebrospinal fluid

DSA Digital subtraction angiography

FSBB Flow-sensitive black-blood

ICC Intraclass correlation coefficient

LSA Lenticulostriate artery

MCA Middle cerebral artery

MinIP Minimum intensity projections

MIP Maximum intensity projections

MPR Multi-planar reconstruction

MRI Magnetic resonance imaging

SPACE Sampling perfection with
application-optimized contrast using
different flip angle evolutions

Tlw T1-weighted

TOF-MRA  Time-of-flight magnetic resonance
angiography

VWI Vessel wall imaging

Introduction

The lenticulostriate artery (LSA) supplies the blood to the
basal ganglia and its vicinity in the brain [1]. Impairment of
the LSA is associated with ischemic stroke [2, 3] and small
vessel disease [4]. Visualization of the LSA is essential for
understanding the mechanisms of microvascular pathologies
and potential guiding therapeutic intervention. LSA imaging
remains challenging due to the small size of perforating arter-
ies and digital subtraction angiography (DSA) is regarded as a
gold standard [5]. However, as an invasive modality mandat-
ing the use of potentially nephrotoxic contrast medium and
ionizing radiation, DSA is unsuited for repeated imaging or
research-oriented studies [5].

Noninvasive imaging of the LSA has recently been feasible
with three-dimensional (3D) magnetic resonance imaging
(MRI). There are two types of techniques previously investi-
gated, i.e., time-of-flight (TOF) magnetic resonance angiogra-
phy (MRA) and flow-sensitive black-blood (FSBB) MRI.
TOF-MRA of the LSA was initially demonstrated successful-
ly at ultra-high-field 7 Tesla (7T) that allows for bright-blood
visualization with superior spatial resolution and vessel-to-
tissue contrast [6—9]. The number and length of LSA branches
can be quantified and have been associated with some dis-
eases [10—12]. However, the availability of 7T systems is very
limited in clinical settings. At clinical field strengths (i.e., 1.5T

or 3T), TOF-MRA integrated with a few quality-enhancing
technologies was later shown to be able to quantify the num-
ber of LSA stems [13, 14]. Its anisotropic spatial resolution
(high in-plane but low slice resolution) might be suboptimal
for visualizing smaller distal LSA branches [7]. In contrast,
FSBB MRI is a black-blood MRA technique in which the
signal of flowing blood is exclusively suppressed and the vas-
cular lumens is depicted with a negative contrast. The success
in delineating the LSA with FSBB MRI has been demonstrat-
ed at both 1.5T [15] and 3T [16].

Intracranial vessel wall imaging (VWI) shows the similar
blood-nulling effect in large cerebral arteries at clinical field
strengths. T1-weighted (T1w) 3D turbo spin-echo with variable
refocusing flip angles has particularly been advocated as a meth-
od of choice for intracranial VWI, given its high spatial resolu-
tion and SNR as well as adequate signal suppression of both
blood flow and surrounding cerebrospinal fluid (CSF) [17]. All
of the features are also, in principle, beneficial for imaging the
LSA, an ultra-small structure often surrounded by fluid-
containing perivascular spaces [18]. Thus, we hypothesized that
the VWI approach at 3T may additionally allow for black-blood
angiographic visualization of the LSA. This work was primarily
aimed to validate the hypothesis in healthy volunteers using 7T
TOF-MRA as a reference standard. Additionally, simultaneous
LSA visualization and large-vessel wall evaluation was further
explored in patients with a striatocapsular infarction secondary
to large vessel atherosclerosis.

Materials and methods
Subjects

Thirteen healthy volunteers (aged 20-37 years, seven males)
and nine striatocapsular stroke patients (aged 29-76 years,
seven males) with atherosclerotic plaques at the middle cere-
bral artery (MCA) and ischemic infarctions at the basilar gan-
glia were enrolled for the study approved by the local institu-
tional review board. Informed consent was obtained from all
participants.

Magnetic resonance imaging

All the healthy volunteers were examined with VWI on a 3T
system (MAGNETOM Prisma, Siemens Healthineers) and
TOF-MRA on a 7T research system (Siemens Healthineers)
during the same day. A 64-channel head/neck coil and a 32-
channel head coil were used for signal reception at 3T and 7T,
respectively. The patients were scanned with VWI at 3T as
well.
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A recently developed VWI technique was investigated in
this study for the feasibility of imaging the LSA at 3T. Briefly,
the technique couples a commercially available T1w 3D turbo
spin-echo sequence, namely SPACE (Sampling Perfection
with Application-optimized Contrast using different flip angle
Evolutions), with non-selective excitation and a trailing mag-
netization flip-down module [19, 20]. VWI of whole-brain
large cerebral arteries can be completed with enhanced T1
contrast weighting and CSF-signal suppression.

The imaging parameters for VWI included: sagittal orien-
tation, field of view = 170x170 mm?, 240 slices, voxel size =
0.53%0.53%0.53 mm>, TR/TE = 900/13 ms, echo train length
=52, and scan time = 8 min 7 s [19]. The protocol of TOF-
MRA at 7T was adapted from Kang et al [7]. A flip angle of
20° was used to meet the radiofrequency safety limit for
broader population. Other parameters were: oblique axial ori-
entation, one slab of 40 mm thick, field of view = 180x135
mm?’, voxel size = 0.23x0.23x0.34 mm’, TR/TE = 15/4.3 ms,
and acquisition time = 7 min 34 s.

Image analysis

Images were reviewed and analyzed using commercial soft-
ware (Osirix MD, Pixmeo SARL).

The healthy subjects with either TOF-MRA or VWI im-
ages corrupted by motion artifacts were excluded from analy-
sis. VWI and TOF-MRA images were both reformatted into
coronal planes. Consecutive minimum intensity projections
(MinIP) were generated for VWI, whereas consecutive max-
imum intensity projections (MIP) were created for TOF-
MRA. A small projection thickness (0.92 mm) was empirical-
ly chosen to enhance the confidence of vessel identification
and tracing. Using these and the raw images, the LSAs arising
from the M1 segment of the MCA were visually identified by
an experienced radiologist and then evaluated as follows.

The most prominent branch of the LSAs was identified in
each hemisphere. The contrast-to-noise ratio (CNR) between
the vessel lumen and surrounding brain tissue was calculated
at four locations that are approximately 5, 10, 15, 20 mm
above the MCA M1. The CNR was defined as:

max (Signal,,,,,)—mean(Signal ,.)

CNR — umen ssue
ror std(Noise)

mean(Signal ., )—min(Signal,,,..)

CNR — ssue umen
i std(Noise)

Of note, the maximal/minimal value of the lumen was used
to represent the signal of the LSA to avoid the error caused by
the inclusion of other tissues in regions-of-interest. Noise was
measured at regions with no anatomical structures. All above
signal measurements were performed on the consecutive
MinlP / MIP images.

@ Springer

Because of the challenges in the automatic modelling of
LSAs [21], we built the vascular skeleton by manually tracing
the centre lines of the MCAs and LSAs using SimVascular
software (http://simvascular.github.io/) [22]. This commercial
software package allows for multi-planer reconstruction of
images and modelling of vasculatures, and has been used in
numerous cardiovascular and neurovascular studies [23-25].
Tracing was manually performed by a radiologist (with 2-year
experience in MRI image interpretation) who recursively
screened the MinIP/MIP images and delineated the centre
points along each visible arterial segment. Tracing continued
as long as the contrast ratio (CR) between LSA lumen and
adjacent tissue was above 1.3. For TOF-MRA, CR =
Signaljymen/Signalssue; For VWI, CR = Signalgggue/
Signaljymen. The generated skeletons of LSAs were examined
by another senior radiologist (with 5-year experience in MRI
image interpretation), ensuring the skeletons reflected the
centre-lines of the LSAs, and the delineated length was rea-
sonable according to the pre-defined CR criterion. The num-
ber of stems, the number of branches, the full length between
the origin and the terminal, and the local length (5-15 mm
from MCAs) were analyzed in the skeletonized vascular tree.
Stems were defined as the LSAs that originated directly from
the MCA M1, and branches were defined as daughter vessels
originating from the parent LSA stems plus stems without any
branches [11]. The full length and the local length (5-15 mm
from MCAs) were measured from the most prominent LSA in
each hemisphere.

To demonstrate the feasibility of using 3T VWI to simul-
taneously visualize the LSAs and large-vessel wall, curved
multi-planar reconstruction (curved-MPR) was constructed
along the MCAs and coronal MinIP (projection thickness =
16 mm) was generated with VWI images in both patients and
healthy volunteers.

Statistical analysis

All quantitative data were expressed as means + standard de-
viations. The CNR was determined at four pre-defined loca-
tions (5 mm, 10 mm, 15 mm and 20 mm above the MCAs).
The full lengths and the local length of the most prominent
LSA branch acquired by TOF-MRA and VWI were compared
using Bland-Altman plotting and a paired-sample t-test.
Wilcoxon signed-rank test was used to compare the numbers
of stems and branches between the two imaging methods. A
p value of less than 0.05 indicated statistical signifi-
cance. Intraclass correlation coefficient (ICC) was calcu-
lated and reported for all the morphological measure-
ments of LSA. All statistical analyses were performed
by using commercial software (SPSS 22.0, IBM).
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Fig. 1 The 3T VWI (MinIP) and
7T TOF-MRA (MIP) of one
volunteer (slab thickness = 20
mm), and their fusion view. The
extracted vascular trees show
high consistency between TOF-
MRA and VWI

3T VWI

7T TOF-MRA

7T TOF-MRA

Results

Twelve healthy volunteers were finally included in analysis
with acceptable image quality in both 3T VWI and 7T TOF-
MRA. Representative MinIPs and MIPs as well as traced ves-
sel skeletons generated from the two methods are shown in
Figs. 1 and 2. In general, the traced vessel skeletons of both
methods demonstrated similar structures and numbers of LSA
stems (Fig. 1). However, in eight of 12 volunteers, 7T TOF-
MRA showed more LSA branches (Fig. 2, Table 1).

The lumen-tissue CNRs measured with the two imaging
methods are illustrated in Fig. 3. 3T VWI yielded CNR similar
to 7T TOF-MRA at the most proximal location (5 mm, p =
0.206), but a lightly lower CNR at 10 mm (p = 0.033), and
significantly lower CNRs at 15 mm (p =0.001), and 20 mm (p
= 0.003) above the MCA M1.

The numbers of stems and branches of the LSAs are sum-
marized in Table 1. The numbers of stems visualized on 7T
TOF-MRA and 3T VWI were comparable (Left: 4.0+£1.0 vs.
3.841.0,p=0.257,1CC = 0.818; Right: 4.240.9 vs. 4.2+1.0, p
=1.000, ICC = 0.951). The number of branches visualized by
3T VWI was slightly lower than that by 7T TOF-MRA in
most cases, which is statistically significant in the left

Fig 2 The 3T VWI (MinIP) and
7T TOF-MRA (MIP) of another
volunteer (slab thickness = 20
mm), and their fusion view. The
vascular trees show more
branches of LSAs revealed in
TOF-MRA than VWI, as pointed
by the yellow arrowheads

hemispheres (Left: 7.7+1.9 vs. 6.7+1.7, p = 0.031, ICC =
0.818; Right: 7.942.1 vs. 7.3+1.9, p = 0.057, ICC = 0.920)
(Fig. 4).

The lengths were statistically higher in TOF-MRA than in
VWI (47.5£8.3 vs. 45.7+7.7, p=0.011, ICC = 0.917). Bland-
Altman plots are shown in Fig. 5a, indicating that TOF-MRA
at 7T displayed more distal tiny branches than VW1 at 3T. The
length was further analyzed by extracting parts of LSAs with
vertical distances of 5-15 mm from MCAs. The measurement
of local length was consistent between TOF-MRA and VWI
(14.942.2 vs. 14.7+2.1, p = 0.098, ICC = 0.910, Fig. 5b). This
result demonstrated that the vasculature visible at 3T VWI
was identical to that of 7T TOF-MRA.

For the patients with intracranial atherosclerosis, the coro-
nal MinIP of VWI showed asymmetrical structures of LSA.
The numbers of LSA were 4.3+1.3 on the symptomatic side
and 5.0+1.1 on the asymptomatic side. The vessel wall lesion
was clearly indicated in the curved-MPR along MCAs. In nine
patients, nine plaques were identified on MCA-M1 on the
symptomatic side, and three plaques were identified on the
asymptomatic side. The combined evaluation of LSA vascu-
latures and large arterial lesions was, therefore, available via a
single VWI scanning in about 8 minutes. Figure 6

7T TOF-MRA
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Table 1 The numbers of stems

and branches of LSAs visualized Subject Left hemisphere Right hemisphere
by 7T TOF-MRA and 3T VWL, in
left and right hemispheres Stems Branches Stems Branches
respectively
TOF- VWI TOF- VWI TOF- VWI TOF- VWI
MRA MRA MRA MRA
S01 2 2 5 4 3 3 6 5
S02 5 4 10 8 5 4 10 8
S03 3 3 4 5 5 12 10
S04 5 5 6 4 4 6 6
S05 5 5 11 7 5 5 10 10
S06 3 3 9 8 4 4 6 6
S07 4 4 7 6 2 2 6 5
S08 4 3 7 8 4 4 8 9
S09 4 5 10 10 5 5 9 8
S10 5 3 7 6 4 4 9 7
S11 4 4 6 6 4 4 6 5
S12 4 4 7 5 6 7 8

demonstrated an example of the vessel wall lesion on MCA
and the impaired LSA on the ipsilateral side, compared with a
healthy subject.

Discussion

Using a Tlw VWI technique, we have obtained detailed
black-blood angiographic delineation for the LSAs from nor-
mal volunteers, which has been challenging at 3T. We also
found in the current study that the LSAs visualized at 3T
correlated well with that from 7T TOF-MRA. In some cases
(S08, S09 and S12), VWI revealed more branches or stems

35 —e— 3T VWI
—=— 7T TOF-MRA

Lumen-Tissue CNR

Distance to MCA (mm)

Fig. 3 The CNR of lumens to tissues measured in the images of 3T VWI
and 7T TOF-MRA

@ Springer

than TOF-MRA, which may be attributed to the deficient
signal enhancement in small vessels with slow blood flow
velocity by TOF-MRA. Our results suggest that TIw VWI
is a promising technique for imaging the LSAs.

LSAs branching from the MCA are major feeding arteries
for the corpus striatum in the sub-cortex and extremely impor-
tant for ensuring regular brain supply. These small vessels can
be implicated in deep brain infarctions and small vessel dis-
eases such as vascular dementia [2—4]. Assessment of LSA
patency may provide important information on risk stratifica-
tion and treatment response. For example, fewer LSA stems
and branches have been correlated to hypertension, a major
risk factor for microvascular injury [11]. Serial monitoring for
the number and length of small vessels in hypertensive pa-
tients would be useful to predict the risk of lacunar infarctions
and may allow more preventive interventions. Kang et al re-
ported that the LSAs in patients with basal ganglia infarcts
were significantly less than normal controls [10]. In concor-
dance with their study, we found in our study that the number
of LSAs was lower on the symptomatic side versus the
asymptomatic side (4.3£1.3 vs 5.0+1.1), highly suggesting
occlusion of the LSAs as a direct cause. Detailed assessment
of the number and length of the LSAs in a symptomatic pa-
tient would help determine the risk of a second stroke in the
asymptomatic side. Longitudinal quantification of these met-
rics may also provide an imaging marker for the effectiveness
of secondary prevention treatment.

It has been commonly accepted that 7T TOF-MRA is the
currently the state of the art technique for visualization of such
small perforating arteries [7]. However, the limited availability
of 7T MRI systems hindered its clinical usage. The 3T TOF-
MRA is mainly used for large artery imaging and assessing
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Fig.4 The stems and branches of LSAs visualized by 7T TOF-MRA and
3T VWI

micro-vasculature still suffers from insufficient imaging reso-
lution and poor SNR. In our study, we proposed a novel VWI-
based angiographic method which enables fast and clear visu-
alization of perforating arteries. Of note, the numbers of stems
and local length of LSAs visualized by TOF-MRA and VWI
showed no significant difference, demonstrating comparable
abilities of the two methods on displaying primary structures
of LSAs. The lower number of branches may be due to the
relatively lower CNR in VWI at 3T. The disagreement in full
lengths may be attributed to the uncertainty in vascular tracing
in distal areas by 3T VWI (Fig. 2).

The proposed VWI technique shares a similar mechanism,
i.e., black-blood angiography, with previously proposed
FSBB technique. FSBB has demonstrated significantly better
delineation of LSA branches than TOF-MRA at 3T [16], pre-
sumably due to its superior sensitivity to low-velocity blood
flow, inflow-independent property, and isotropic spatial reso-
lution. VWI inherently possesses these features as well. In
previous studies, the average numbers and lengths of

(a) 10
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51 6.0
g o 8
= ok o © )
8’ °o o %9 o Mean
= o © 2.4
g °r o o °
> ° o
-10 -1.96 SD
-10.9
o
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30 35 40 45 50 55

Mean of full length in VWI and TOF-MRA

Fig. 5 Bland-Altman plots represent the differences of (a) full lengths
measured in the predominant vascular trees of TOF-MRA and VWI. The
visible structures of predominant arteries were completely evaluated. b

visualized LSAs by FSBB technique were 3.6 and 21.8 mm
respectively. In our study, we reported more stems and longer
lengths compared with these studies [15, 16]. This is likely
due to the limited SNR with GRE based FSBB and its incom-
plete flow suppression in distal LSAs, when compared to
VWI that is based on a high-SNR TSE acquisition. In addi-
tion, the intrinsic black-blood effect of TSE enables superior
suppression of low-velocity blood flow. To the best of our
knowledge, this is the first study using relatively high isotro-
pic spatial resolution (0.53 mm) for LSA imaging at 3T.

Another contributor to the success of VWI with respect to
LSA visualization is the strong T1 contrast weighting with
CSF suppression. The LSA is known to often be surrounded
by fluid-containing perivascular spaces [18]. According to our
experience in T2-weighted VWI, perivascular spaces are typ-
ically of moderate to high signal intensity and thus overshad-
ow the dark lumen of the LSAs, making it challenging to
visualize the LSAs (Supplemental Fig. 1). In contrast, the
previously optimized T1w VWI technique by Fan et al has
demonstrated considerably enhanced signal suppression of the
CSF, although it is not as dark as the vessel lumen [19]. With
this technique, the perivascular fluid thus has a negligible
detrimental effect on the delineation of the LSAs.

In this work, intracranial VWI was demonstrated as a 2-in-
1 approach to imaging of both large-vessel wall and LSA
lumen. This feature has not been demonstrated for other tech-
niques including FSBB that has limited SNR for visualizing
large-vessel wall. VWI has been widely used for direct char-
acterization of vessel wall lesions in large cerebral vessels
[17]. The additional capacity of depicting the perforating ar-
teries enables the technique more powerful for studying the
mechanism of deep subcortical infarctions and small vessel
disease. It has been postulated that striatocapsular infarctions
result from occlusion of the proximal perforating arteries by
atherosclerotic plaques at the parent large vessels [26]. Using
high resolution MRI, Yoon et al reported that superior MCA
wall plaques near the orifice of LSAs were more likely to be

®)
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o
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S 4L o 05
= o
- 3 o o °
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| -1.96 SD
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Mean of local length in VWI and TOF-MRA
(5-15mm above MCAs)

The lengths of predominant arteries with 5-15 mm vertical distance from
MCAs were consistent in TOF-MRA and VWI, confirming the uniform
vasculature imaged by the two methods.
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Fig. 6 The reconstructed images of a 37-year-old female healthy
volunteer (a,b) and a 62-year-old female with an acute infarction in
right basal ganglia (¢,d). a The curved-MPR showed no thickening of
MCA wall in both sides. b Coronal MinIP revealed symmetrical LSAs of

symptomatic, resulting in larger penetrating artery infarction
[27]. The proposed T1w VWI technique will simultaneously
unravel large-vessel wall pathologies and small-vessel paten-
cy, which helps understand the causal relation between them.
This will open the door to further investigations such as the
effect of circumferential distribution and burden of parent ves-
sel atherosclerosis on the incidence or progression of small
vessel occlusion, which is substantially meaningful for prima-
ry and secondary stroke prevention. We believe these potential
benefits may also apply to lacunar infarction and small vessel
diseases whereby correlation or causal relation to the large-
vessel atherosclerosis has drawn great interest. It is also note-
worthy that the spatial relation between LSAs and brain le-
sions (e.g., enhancing recent infarcts or hypointense chronic
infarcts) can be easily understood by using VWI.

However, VWI still has some disadvantages that need to be
overcome in the future. Firstly, vascular tracing in VWI im-
ages was performed using MinlIP images. The perivascular
space or CSF might possibly be detected as the same signal
void as LSAs. However, detected LSAs using MinilP showed
consistent geometry as 7T TOF MRA, which is not affected
by perivascular spaces and CSF. Secondly, the contrast of the
lumen to the surrounding tissue may be insufficient for iden-
tifying the far end of the LSA using 3T VWL Some tiny
extremities are therefore not confidently visible in the images.
Finally, VWI shows good contrast between vessels and paren-
chyma, but it is yet unknown whether this technique is effec-
tive to show lesions in small arteries.

There are several limitations in our study. Firstly, we did
not compare TOF-MRA and VWI at 3T. The main goal of this
study was to show proof-of-concept on the ability of using 3T
VWI for visualizing the LSAs. Assessment of the ability is
better achieved through a validation against a well-accepted or
best-available reference, which is 7T TOF-MRA [6, 7].
Secondly, we chose 7T TOF-MRA instead of DSA as a

@ Springer
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the left and right hemispheres. ¢ The curved-MPR showed a plaque with
hyperintensity (yellow line) on the MCA wall. d Coronal MinlP revealed
decrease of right LSA branches compared to the left side (yellow arrow)

reference for evaluating the imaging quality of LSAs visuali-
zation. Although DSA is considered the “gold standard”
method, its invasiveness hinders its application on healthy
volunteers. In addition, it is difficult to track LSA branches
on routine DSA, due to faint filling of LSA branches and
disturbance of other vascular branches causing unclean back-
ground. Head to head comparison with VWI is also hard to
achieve because of the different imaging techniques. Lastly,
our study was a preliminary study that included relatively a
small number of samples. The fidelity of using VW1 at 3T for
imaging LSAs should be evaluated in a larger population in
the future. Advanced automatic segmentation and reconstruc-
tion of LSAs should be introduced to facilitate the image post-
processing and provide an objective measurement of
arterioles.

In conclusion, we demonstrated that VWI is a credible
technique for angiographic delineation of the LSAs at a clin-
ical available 3T MR system. The simultaneously obtained
LSA angiography and VWI of large vessels will greatly facil-
itate the etiological study of intracranial atherosclerosis and
ischemic stroke.
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