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Visualization of the Lenticulostriate Artery With
Flow-Sensitive Black-Blood Acquisition in
Comparison With Time-of-Flight MR Angiography

Kimio Gotoh, MD,' Tomohisa Okada, MD, PhD,'* Yukio Miki, MD, PhD,’
Masato Ikedo, BS,? Ayako Ninomiya, RT,? Toshikazu Kamae, MS," and

Kaori Togashi, MD, PhD'

Purpose: To evaluate the capability of flow-sensitive black
blood (FSBB) acquisition to visualize the lenticulostriate artery
(LSA) in comparison with time-of-flight (TOF) anglography.

Materials and Methods: Twenty-one healthy subjects (13
males and 8 females, 19-44 years old) were enrolled in this
study after obtaining written informed consent. Magnetic res-
onance imaging (MRI) examinations were performed with
FSBB and TOF to visualize the LSA using a 1.5T MRI unit. In
FSBB acquisition a motion probing gradient of b = 4 sec/
mm? was applied to dephase blood flow. Images were recon-
structed into coronal sections and were evaluated In terms of
number, length, and Image quality at origins and distal areas
of visualized LSA branches with a four-point scale.

Results: In all, 145 LSA branches were visualized with
FSBB and 66 branches with TOF. There was no LSA visu-
alized only with TOF. In all evaluated terms, FSBB was
significantly better than TOF.

Conclusion: We could better visualize the LSA with FSBB
than with TOF, both quantitatively and gualitatively. FSBB
is a promising method, although it remains Lo be evaluated
in clinical cases.
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THE LENTICULOSTRIATE ARTERY (LSA) originates
mainly from the middie cerebral artery (MCA) and sup-
plies blood to the basal ganglia and the internal capsule
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(1.2). Its occlusion results in lacunar infarct (3.,4). In
some of these patients, linear structures with abnormal
density or signal were observed, consistent with oc-
cluded perforating arteries associated with the relevant
lacunar infarct (5). In a prospective study of 93 patients
of small subcortical infarcts, some relevance to MCA
stenosis was observed but about 60% of cases were free
of it (6). The LSA plays an important role for vascular
disease at basal ganglia: however. its noninvasive visu-
alization was limited.

Recently, susceptibility-weighted imaging (SWI) has
been introduced as one of the ways of observing small
vessels as black blood (7-9). In SWI1, however, the flow
rephasing is implemented and phase disturbance is
observed mainly in the vein and its power for visualiza-
tion of the artery is limited. On the other hand, signal
from {lowing blood can be attenuated by applying very
weak motion probing gradients (dephase gradients),
which mainly attenuates signal from moving blood in
the artery and capillary, as well as in the vein (10), while
the signal of the stationary component is almost intact,
unlike diffusion-weighted images for stroke examina-
tlon acquired with much larger motion probing gradi-
ents (MPGs). One such method proposed is flow-sensi-
tive black blood (FSBB) acquisition (11,12).

Dilated LSA branches were visuallzed noninvasively
with time-of-flight (TOF) MR angiography (MRA]} in
moya-moya patients (13). The TOF-MRA may visualize
some branches of the LSA without dilatation, but inva-
sive angiography is used for clinical evaluation (14) and
the capability has not been much investigated.

From these considerations we hypothesized that the
LSA would be better visualized with FSBB acquisition
than with TOF-MRA and the purpose of this study was
to examine and illustrate the advantage of using FSBB
in comparison with TOF for visualization of the LSA.

MATERIALS AND METHODS
Subjects

Twenty-one healthy volunteers (13 males and 8 fe-
males; range 19-44 years old, mean 25 years old) with-
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out any known disease were enrolled in this study after
obtaining written informed consent, based on the pro-
tocol approved by the Institutional Review Board.

Image Acquisition

The subjects were examined with both FSBB and TOF
methods in order to visualize the LSA on a 1.5T MRI
unit (EXCELART Vantage Powered by ATLAS, Toshiba
Medical Systems. Otawara-shi. Japan). After obtaining
localizing images of three orthogonal axis, T2-weighted
fast spin echo images were acquired parallel to the AC
(anterior commissure)-PC (posterior commissure) with
the following parameters: TR/TE 4000/105 msec, flip
angle 90/160°, acquisition matrix size 320 X 256, field
of view [FOV) 220 x 180 mm, slice thickness 3 mm with
0.6 mm gap in 40 slices to cover the whole brain. In the
same AC-PC slice orientation, TOF-MRA and FSBB im-
ages were scanned using the 3D gradient echo acquisi-
tion. The common imaging parameters were TR 29
msec, [lip angle 20°, acquisition matrix size 256 x 224,
FOV 205 x 179 mm In one axial 3D slab of 160 slices.
The scan resolution was 0.8 x 0.8 X 0.8 mm, which was
interpolated into 0.4 X 0.4 ¥ 0.4 mm in order to in-
crease apparent resolution and improve image quality
after reformatting. The scan time was 6 minutes 35
seconds. In the TOF scan, TE was 6.8 msec and a
magnetization transfer contrast pulse and flow rephas-
Ing were used. For the FSBB acquisition, TE was 20
msec and the motion probing gradient of b = 4 sec/
mm® was evenly divided and applied to all three axes. At
the initial stage we evaluated effect of MPG at different
b values of 0, 1. 2, and 4 sec/mm?® as a preliminary
evaluation.

Image Analysis

The 3D image volume data was transferred to a com-
mercially available workstation (AZE VirtualPlace
Lexus, AZE, Tokyo. Japan) and the following process-
ings and evaluations were conducted on the same
workstation. After reorienting the 3D axial image vol-
umes into coronal (perpendicular to the AC-PC line),
each of five consecutive slices was projected by maxi-
mum intensity (ie. MIP of 2 mm thickness) for TOF and
by minimum intensity (ie, MinlP of 2 mm thickness) for
FSBB. By using these images. LSA branches were
traced and measured for length on the workstation. On
the reconstructed images, LSA branches longer than 5
mm were analyzed. When an artery branches within 5
mm from the MCA origin. each branch was counted and
measured separately, because more than 70% of
branches were found to originate from common trunks
(1). When an artery branches at a more distal site, only
the longest branch was counted and measured. Images
were analyzed in terms of number, length, and quality
of visualization for the visualized LSA branches using a
four-point scale (0: not visualized, 1: poor, 2: good, and
3: excellent). The quality of visualization was evaluated
separately at origins of the LSA and areas distal to
them. The evaluation was performed for each and every
visualized LSA branches in random order by two expe-
rienced radiologists In consensus, although we could
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not avoid evaluators noticing the acquisition method
due to differences in appearance between FSBB and
TOF images. The length of LSA branches was measured
by another researcher. On the T2-weighted axial im-
ages, high-intensity spots were examined in the basal
ganglia region above the anterior perforated substance
and the number of the perivascular space was counted
by two radiologists in consensus.

Statistical Analysis

The numbers of visualized branches per subject were
compared between FSBB and TOF with a two-tailed
paired t-test, separately for left and right hemispheres,
The difference in numbers between left and right was
also examined. Lengths of all visualized LSA branches
were compared between FSBB and TOF with a two-
tailed two-sample t-test. In the comparisons of scores
for quality of visualization between FSBEB and TOF, a
Wilcoxon signed rank test was used. A P-value less than
0.05 was considered statistically significant. Statistical
analyses were conducted using a commercially avail-
able software package (SPSS 16.0, SPSS, Chicago, IL).

RESULTS
Preliminary Evaluation

FSBB acquisitions were performed, with a certain range
of bvalues (b = 0, 1, 2, and 4 s/mm?; the last value was
the maximum In the system). Representative images
are shown in Fig. 1. Very few LSAs were visualized at
b = 0 s/mm? and more of them were better depicted
according to the increase of b values, Visualization was
best at a b value of 4 s/mm?, which was adopted for the
current study.

Number and Length of Visualized LSAs

The average numbers and standard deviations of visu-
alized LSAs per subject were 3.6 + 1.2and 1.5 = 0.8 on
the left, and 3.3 = 1.0 and 1.7 = 0.9 on the right for
FSBB and TOF, respectively (Table 1). The differences
between FSBB and TOF were significant (P = 0.001) on
both sides; however, there was no significant difference
between left and right for both FSBB and TOF (P =
0.459 and P = 0.479, respectively). The total number of
branches visualized with FSBB was 145, and 66 (46%)
were also visualized with TOF. There was no LSA that
was visible only in TOF images. The average lengths of
visualized LSA branches were 21.8 = 7.1 mm and
18.6 + 8.1 mm for FSBB and TOF, respectively (Table
1), which were statistically significantly different (P =
0.008). Some representative images are presented in
Fig. 2 using thicker projected images (8 mm) than those
used for analysis.

Quality of Visualization at Origins and Areas
Distal to Them

Visualization scores are summarized in Table 2. At the
origin of LSA branches, FSBB showed significantly bet-
ter visualization of the LSA than TOF (P = 0.003). Also,
at the areas distal to the origins, FSBB was better than
TOF (P = 0.001). The results of the number, length, and
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Visualization of LSA With FSBB

Figure 1. Differences in visu-
alization of the lenticulostriate
artery (LSA) dependent on the
b values of motion probing gra-
dient (MPG):b =0, 1, 2, and 4
s/mm*, as presented In images
(a-d), respectively. Better visu-
alization of LSA Is observed
[see arrowheads) by increasing
b values, whereas CSF signal is
gradually decreased.

quality of visualization at distal areas for LSA branches
visualized with FSBB and TOF are illustrated in Fig. 3.

Number of the Perivascular Space and Other
Lesions on T2WI

No significantly abnormal finding was detected on
T2WIs of all the subjects. The perivascular spaces were
detected as tiny high intensity spots on axial T2WIs
above the anterior perforated substance in some sub-
jects, but the number was 7 in total and they were
limited 1 to 2 slices above the slice with the anterior
perforated substance.

DISCUSSION

Histological examination of the LSAs in the vascular
casts of 48 middle cerebral arteries revealed that more
than 90% of LSA branches originated from the first
segment of the MCA (M1). and they ranged between 2
and 12 (mean 7.1) in number and from 80 pm to 1,400
wm in size (1). Another study reported that there were
usually three branches in the middle group and one to
nine in the lateral group (2). By using the FSBB method,
we observed 3.6 and 3.3 branches on average on the left
and right sides, respectively, These results conform to
the aforementioned histological results. Although the
whole branches of the LSA may not be visualized even
with FSBB acquisition, length and quality of visualiza-
tion were significantly better with FSBB scan than TOF-
MRA, which requires rapid vascular inflow (15), and
LSA branches were considered to be too small to fully
visualize with the latter method. On the other hand,
even slow flow can be dephased by a weak motion prob-
ing gradient and the FSBB acquisition was more sensi-

Table 1
Number and Length of Visualized LSA Branches
Numbers
Length
Left Right
FSBB 3g+x12 33+1.0 21.8 = 7.1 (145)
TOF 1.5+ 08 1.7209 18.6 + 8.1 (66)
F value P = 0.001 P = 0.001 P = 0008

Numbers and length are presented in mean = standard deviation,
and total branch numbers are presented in parentheses.

67

tive in detecting small vessels with slow flow like the
LSA. Although FSBB is suitable for visualizing small
arteries, it might be used to evaluate a larger artery with
turbulent flow. In patients with sickle cell disease, high-
velocity flow secondary to anemia generates turbulence
and it produces intimal injury and hyperplasia, result-
ing in Infarction. But at the same time, this turbulence
often causes pseudo-lesion on TOF-MRA (16). Although
such cases are yelt to be evaluated, intimal hyperplasia
might show some signal on the FSBB image and it may
help to avoid pseudo-lesions. In the FSBB image the
perivascular space or cerebrospinal fluid (CSF) might
possibly be detected as the same signal void. However,
it should be noted that the number of the perivascular
space detected on the T2WI was 7 in the whole subjects
and they were limited within one or two slices above the
anterior perforated substance. In aged subjects, the
perivascular space would frequently be dilated, but
CSF signal In the space is expected to be higher than
LSA signal. which is void, as shown in Figs. 1 and 2.
Calcification, small hemorrhage, and iron deposit
would be visualized as signal vold. but they would be
identified as spotty, nodular, or even mass-like lesions
and may not be recognized as “string-like” LSAs.

Quality of visualization was evaluated at the origin of
LSA branches, because understanding the microanat-
omy of the proximal middle cerebral artery (M1) and its
branches is very important for aneurysm surgery. It
may cause clipping or blood flow disturbance of LSA,
resulting in cerebral infarction (17, 18). Although aneu-
rysm clipping is generally preceded by digital subtrac-
tion angiography (DSA), not all hospitals can use 3D-
DSA. 3D and isotropic information of the FSBB image
may complement bi-plane DSA. The average scores for
the FSBB image were lower compared with those eval-
uated at distal areas. It was probably caused by the
pulsatile motion of CSF, because gross motion causes
signal reduction by MPG even at a b value of 4 s/ mm®.
Hence, for better visualization at the origin a lower b
value would be appropriate.

In the analysis axial slabs were reformatted into the
coronal orfentation and every five slices were projected
and reconstructed as one slice of 2 mm thickness for
minimum Intensity in the FSBB Images and for maxi-
mum intensity in the TOF images. Although thicker
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slices allowed easler detection, measurement, and eval-

uation of the LSA, they might yield more errors, be-
cause LSA branches looked as If they were fusing each
other when viewed on thick slices despite the observa-
tion that their anastomosis is very rare (19). On the
other hand, when the slice was very thin tracing the
continuity of an LSA branch was difficult and it caused
some errors in measuring the entire length that was
visualized. Hence, a minimum intensity projection of 2
mimn slice thickness was adopted for better processing.
For viewing purposes, however, thicker reformatting
would be useful, as illustrated in Fig. 2 (8 mm thick]).
In a series of cases with a small infarct in the territory
of the LSAs more than 75% of the patients were either
hypertensive or diabetic (20), both of which increase the
risk of cerebrovascular disease, including in the areas
of deep brain structures. For these patients, screening
for abnormal findings of the LSA could be beneficial, as
TOF-MRA has been made great contributions to com-
pletely noninvasive screening for abnormality of vascu-
latures of larger size. Cerebral hemorrhage in basal
ganglia is also associated with LSA abnormalities, such
as dissection, aneurysm, and abnormal dilatation, The
microaneurysm of perforating arteries was suggested to
be responsible for hypertension-induced cerebral hem-
orrhage (21). If some morphological changes in the LSA,
such as hypovisualization, left-right asymmetry, and
an aneurysm are visualized In asymptomatic patients
of DM or hypertension, it may allow more rigorous ther-
apeutic interventions to prevent symptomatic events,
although further studies are required to clarify a cau-

Table 2
Visualization Scores for LSA Branches
FSBB TOF
Origin
3 43 16
2 66 17
1 34 25
0 2 -]
Total 145° B6
Distal area
3 67 T
- &4 28
1 14 N
Total 145" 66

"P = 0.003, "P = 0.001
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Figure 2. Representative Images of LSA
branches from two subjects (lefi and right
columns). The upper row shows FSBB Im-
ages and the lower shows TOF images. Bel-
ter visualization is noted in images of FSBB
than TOF.

sality linkage between FSBB findings and future mor-
bidity. The noninvasive nature of FSBB acquisition
would also enable regular follow-up observations. The
FSBB acquisition is a noninvasive modality and may
play an important role in assessing the LSA.

There are some limitations in this study. First, almost
all the subjects were younger than 40 years old and the
range of subject age was limited because this study
intended to evaluate the [easibility of FSBB acquisition
to visualize the LSA. Further studies on patients of
lacunae, DM, hypertension, and others are yet to be
made, Second is the absence of a reference standard.
Conventional angiography may better visualize the
LSA; however, angiographic images of healthy volun-
teers were not obtainable because the procedure is in-
vasive and has some risk of complications. Lastly,
FSBB is better at visualizing small and slow-flow arter-
ies. For larger arteries. TOF visualizes better and is
suitable for multidirectional MIP observation. There-
fore, FSBB should be used complementary to TOF.

25
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Scores of
visualization
% quaiity at distal
areas

Length of visualized LSAs (mm) <45

Figure 3. A histogram presentation of numbers, length, and
quality scores at distal areas for 145 and 66 LSA branches
visualized by FSBB and TOF, respectively. It is illustrated that
FSBB visualized longer al higher quality than TOF.



Visualization of LSA With FSBB

In conclusion, we could better visualize the LSA with 10
FSBB acquisition than with TOF-MRA, both quantita-
tively and qualitatively. The FSBB scan is considered a
promising method. but it remains to be evaluated in
clinical cases.
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An Approximation Model of Myocardial Crossbridge for Weak
Coupling Calculation of Left Ventricle Model and Circulation Model
Akira AMANO, Yasuhiro TAKADA, Jianyin LU, Takao SHIMAYOSHI, Tetsuya MATSUDA

Abstract— It is necessary to use complicated myocardial
cell model and heart model to evaluate the regional energy
production and consumption which leads to the unrealistic com-
putational time. In this research, a left ventricle (LV) simulation
model was constructed which includes accurate myocardial cell
model. In order to simulate the model in realistic time, we
introduced an approximation model of the crossbridge model
which can be calculated with weak coupling calculation. The LV
model was combined with a circulation model to validate the
proposed model by calculating the hemodynamics parameters
and ventricular energetics indices, The ESPVR (End Systolic
Pressure Volume Relation) showed linear relation, and also
the PVA - ATP consumption relation showed linear relation
which are widely known as the physiological characteristics of
mammalian hearts, From these results, we can say that the
model can be used as a model for physiological simulation
experiments which are related to the ventricular energetics.

l. INTRODUCTION

Since many heart diseases are considered to come from
the lack of the balance between the energy (ATP) production
and consumption, it is very important to evaluate energetics
of heart. The computer simulation of heart model with an
accurate cell model 