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Evaluating the Effect of Arterial Pulsation on Cerebrospinal
Fluid Motion in the Sylvian Fissure of Patients with Middle Cerebral
Artery Occlusion Using Low b-value Diffusion-weighted Imaging

Toshiaki Taoka"?", Hisashi Kawai?, Toshiki Nakane?, Takashi Abe?,
Rei Nakamichi? Rintaro Ito"?, Yutaro Sasaki’, Ayumi Nishida®,
and Shinji Naganawa’

Purpose: Decrease in signal of the cerebrospinal fluid (CSF) on low b-value diffusion weighted image
(DWI) due to non-uniform flow can provide additional information regarding CSF motion. The purpose
of the current study was to evaluate whether arterial pulsations constitute the driving force of CSF motion.

Methods: We evaluated the CSF signals within the Sylvian fissure on low b-value DWT in 19 patients with
unilateral middle cerebral artery (MCA) occlusion. DWI with b-value of 500 s/mm? was evaluated for a
decrease in CSF signal within the Sylvian fissure including the Sylvian vallecula and lower, middle, and
higher Sylvian fissures and graded as follows: the same as contralateral side; smaller signal decrease than
that on contralateral side; and no signal decrease. MR angiography (MRA) findings of MCA were graded as
follows: the same as contralateral, lower signal than contralateral signal, and no signal. In 15 patients,
regional cerebral blood flow (rCBF) was evaluated using single-photon emission computed tomography
(SPECT) studies and graded as > 90%, 90%-70%, and < 70% rCBF compared to contralateral. The
correlations between the gradings were evaluated using G likelihood-ratio test.

Results: There was no statistically significant correlation between the MRA and low b-value DWI gradings
of CSF in all areas. There were statistically significant correlations between the decreases in CBF on SPECT
and CSF signals in the middle Sylvian fissure.

Conclusion: The driving force of CSF pulsation in the Sylvian sinus may be related to the pulsations of the
cerebral hemisphere rather than direct arterial pulsations.
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Introduction

Since the introduction of the Glymphatic system by Iliff et al.,'
several studies have been published on the dynamics between
cerebrospinal fluid (CSF) and interstitial fluid (ISF).*'¢
However, there are several unsolved questions about the
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dynamics between CSF and ISF; one of them is the mechan-
ism behind the pulsatile motion of CSF. Multiple studies have
been published on the CSF dynamics within the brain
parenchyma.'”'® Tliff et al. used in vivo two-photon micro-
scopy in mice to visualize vascular wall pulsatility in intracor-
tical arteries; they found that unilateral ligation of the internal
carotid artery significantly reduced arterial pulsatility. They
concluded that cerebral arterial pulsatility is a key driver of
perivascular CSF influx into the brain parenchyma.'” Mestre
et al. used particle tracking velocimetry in live mice and
reported that the speed of the arterial wall matches that of
CSEF, thus suggesting that arterial wall motion is the principal
driving mechanism of CSF in the perivascular space.'®

The pulsatile motion of the CSF within the subarachnoid
space has also been studied. The time-spatial inversion pulse
(time-SLIP) method and the phase contrast (PC) method
have been applied to evaluate and visualize the CSF motion
in the brain and ventricles."” ' One of the findings of a
previous study has cast doubt on arterial pulsation in the
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choroid plexus being the driving force of CSF motion.*® In
addition to the aforementioned methods, a decrease in signal
on low b-value diffusion weighted imaging (DWI) can also
be applied to evaluate the CSF dynamics within the subar-
achnoid space of the brain and ventricles.'®** A study that
used low b-value DWI demonstrated that relatively large
arteries tended to be conspicuous in some CSF spaces, such
as the Sylvian fissure or ambient cistern,'® which further
questions whether arterial pulsation is the driving force for
CSF pulsation within the Sylvian fissure. If arterial pulsation
is the direct driving force for CSF pulsation, then CSF pulsa-
tion within the Sylvian fissure on an obstruction side may
become weak in cases of horizontal occlusion of the middle
cerebral artery (MCA).

We hypothesized that the decrease in signal within the
Sylvian fissure on low b-value DWI would be smaller on the
side of MCA occlusion or severe stenosis. The aim of this
study was to evaluate the decrease in signal within the
Sylvian fissure on low b-value DWI in unilateral MCA
occlusion or severe stenosis and compare that with the signal
on time-of-flight (TOF) MR angiography (MRA) and regio-
nal cerebral blood flow (rCBF).

Materials and Methods

Patients

This retrospective study was approved by the institutional
review board of our institute. The patients were retro-
spectively enrolled from the image server of our institute;
they underwent imaging with a single 3.0-T clinical scan-
ner (Magnetom Skyra; Siemens, Munich, Germany) with
a fixed DWI sequence. For inclusion in the study, we
performed a text search on the image report server
“Skyra” as the scanner, “DWI” as the method, and “mid-
dle cerebral artery” and “occlusion” as keywords for the
diagnosis between January 2012 and July 2020. Of the
images of 41 patients that fulfilled the criteria, we
excluded those with duplication using follow-up studies
(n = 6), bilateral occlusion (n = 6), hemorrhage (n = 5),
post-aneurysm surgery (n = 3), and occlusion not in
the horizontal potion but peripheral to MCA bifurcation
(n = 2). Consequently, 19 patients (age, 19-84 years; 12
males) were included in the evaluation. The underlying
disorder of MCA occlusion was moyamoya disease in 7
patients and arteriosclerosis in 12 patients. CBF was
evaluated in 15 of these patients. The MCA occlusion
sides were left in 10 patients and right in 9 patients.

Imaging

MR images that were retrospectively evaluated in the current
study were scanned using a 3.0-T clinical scanner. Since the
patients were enrolled from routine clinical studies, the images
were obtained using the usual clinical protocols and DWIs.
The parameters for DWI were as follows: TR = 5000 ms; TE =
85 ms; EPI factor = 192; Echo spacing = 1.04 ms; Bandwidth
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= 1086 Hz/Px; FOV = 220 mm; 192 x 192, 25 slices with
distant factor = 20%; slice thickness = 5 mm; averages = 1;
acceleration factor = 2; acquisition time = 1 min 22 s; motion
proving gradient: bipolar type, b-value = 0, 500, 1000 s/mm?;
3-scan trace; fat suppression; and no flow compensation.

CBF was examined using the single-photon emission
computed tomography (SPECT)/CT system (Symbia T;
Siemens) with intravenously injected '*’I iodoamphetamine
(167 MBq) and analyzed using 3D stereotaxic ROI template
analysis> or 3D stereotactic surface projection (3D-SSP)
analysis.”*® 3D-SSP analysis provides a mean value of
CBF in the brain areas of those supplied by the anterior
cerebral artery, MCA, posterior cerebral artery, basal gang-
lionic region, thalamus, pons, cerebellar hemisphere, and
cerebellar vermis.

Image analysis

All images were interpreted by consensus between two
neurologists (SN and TT). We evaluated the signal intensity
of CSF within the Sylvian fissure using low b-value DWI
with b = 500 s/mm?”. Evaluations were performed in four
slice positions at the levels of the Sylvian vallecula, lower
Sylvian fissure, middle Sylvian fissure, and upper Sylvian
fissure (Figs. 1 and 2).

The signal intensity of CSF within the Sylvian fissure
on the affected side on low b-value DWI was evaluated
qualitatively and compared with that on the unaffected
contralateral Sylvian fissure within the same imaging
slices. A decrease in signal equal to that on the unaf-
fected side, a decrease in signal smaller than that on the
unaffected side, and no decrease in signal were graded as
A, B, and C, respectively.

The signal intensity of MCA on the affected side on TOF-
MRA was also evaluated qualitatively and graded. No arter-
ial signal, lower arterial signal than that on the unaffected
side, and arterial signal equal to that on the unaffected side
were graded as I, 11, and III, respectively.

CBF was evaluated using the results of 3D-SSP analysis.
Ratio of the rCBF of the MCA territory on the affected side and
that on the unaffected side was calculated; the ratio of > 90%,
90%—-70%, and < 70% were graded as I, I1, and III, respectively.

G likelihood-ratio test was used to compare the decrease
in the CSF signal within the Sylvian fissure on low b-value
DWTI and that of MCA on TOF-MRA. The test was also used
to compare the decrease in the CSF signal within the Sylvian
fissure on low b-value DWI and CBF of the MCA territory.

Results

On low b-value DWI, areas of a decrease in signal in the
Sylvian vallecula were smaller on the side of MCA occlusions
in 11 patients, while they were equal to those on the unaffected
side in the remaining eight patients. In the lower Sylvian
fissure, no signal decrease on the side of MCA occlusion
was observed in six patients; a signal decrease smaller than
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Artery and CSF Motion on Low b-value DWI

Fig. 1 A 45-year-old patient with moyamoya disease with occlusion of the origin of the right MCA. (a) TOF-MRA (maximum
intensity projection); (b) '?*| iodoamphetamine SPECT using 3D stereotactic surface projection analysis; (c—f) TOF-MRA (source
image); (g-j) low b-value DWI. TOF-MRA (a and c) revealed occlusion of the horizontal portion of MCA and small collateral
arteries. Visualization of the peripheral branches of MCA was poor (d-f). SPECT (b) revealed a small decrease in rCBF in the right
MCA territory (96% to the right MCA territory). On low b-value DWI, the signal decrease was equal to that on the unaffected side
in all areas including the Sylvian vallecula (g) and lower (h), middle (i), and upper Sylvian fissure (j). CBF, cerebral blood flow;
DWI, diffusion weighted image; MCA, middle cerebral artery; MRA, magnetic resonance angiography; SPECT, single-photon

emission computed tomography; TOF, time-of-flight.

that on the unaffected side was observed in six patients; and
signal decrease equal to that on the unaffected side was
observed in seven patients. In the middle Sylvian fissure,
similar findings were observed in seven, six, and six patients,
respectively. In the upper Sylvian fissure, a signal decrease on
the side of MCA occlusion smaller than that on the unaffected
side was observed in 6 patients and a signal decrease equal to
that on the unaffected side was observed in 13 patients.
Representative images are presented in Figs. 1 and 2.

Comparisons between the decrease in the CSF signal on
low b-value DWI within the Sylvian fissure and the signal on
TOF image are presented in Fig. 3. There were no statisti-
cally significant correlations between the signal decrease on
low b-value DWI and the arterial signal on TOF in any part
of the Sylvian fissure. In the analysis of all areas within the
Sylvian fissure, there were no statistically significant
correlations.

Comparisons between the decrease in CSF signal on low
b-value DWI within the Sylvian fissure and rCBF of the
MCA territory are presented in Fig. 4; a statistically signifi-
cant correlation was observed between them (P = 0.018). In
the analysis of all areas within the Sylvian fissure, the
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decrease in signal on low b-value DWI in the Sylvian fissure
and rCBF were significantly correlated (P = 0.001).

Discussion

Evaluation of CSF dynamics using several non-invasive MRI
techniques has been reported in humans. The time-SLIP
method is a method in which a slab of an inversion pulse is
applied to the CSF and its movements are visualized using the
CSF itself as a tracer. Since no exogenous tracer is required in
the time-SLIP method, CSF dynamics can be observed in
natural physiological conditions.'® This method has demon-
strated “to and fro” pulsations in the isthmus of the ventricular
system, such as the foramen of Monro and the aqueduct. These
movements are observed from the prepontine and basilar
cisterns to the Sylvian fissure. However, neither continuous
flow nor pulsation of the CSF is observed between the Sylvian
fissure and cerebral fornix. The superficial Sylvian vein is
present in this region and the arachnoid membrane that covers
it is strongly adherent to the vein, which indicates that the
Sylvian fissure is at the distal end of the subarachnoid space.?’
A PC method is a method for evaluating the phase shift
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Fig. 2 A 63-year-old male with arteriosclerotic occlusion of the left internal carotid artery and left MCA. (a) TOF-MRA. (maximum intensity
projection); (b) '**l iodoamphetamine SPECT using 3D stereotaxic ROI template analysis; (c—f) TOF-MRA (source image); (g—j) low b-value
DWI. TOF-MRA (a and ¢) demonstrated occlusion of the horizontal part of MCA and small collateral arteries. Peripheral branches of MCA
are visualized (d—f). SPECT (b) revealed a decreased rCBF in the left MCA territory (78% to the right MCA territory). On low b-value DWI,
signal decrease was equal to that on the unaffected side in the Sylvian vallecula (g) and upper Sylvian fissure (j), while in the lower and
middle Sylvian fissures (h and i), the signal decrease was smaller than that on the unaffected side but a large part of the area revealed no
signal decrease (arrows). CBF, cerebral blood flow; DWI, diffusion weighted image; MCA, middle cerebral artery; MRA, magnetic
resonance angiography; SPECT, single-photon emission computed tomography; TOF, time-of-flight.

depending on the spin speed; it is another non-invasive method
for observing CSF dynamics in humans. Recently, the 4D-PC
method, which provides quantitative spatiotemporal velocity
distribution, has also been applied to study CSF dynamics.?®
Similar findings regarding CSF dynamics as those with the
time-SLIP method were observed using the 4D-PC method,
including the pulsatile “to and fro” movements in the isthmus
of the ventricular system and less movement of the CSF in the
cranial vault. The 4D-PC study also demonstrated that CSF
around the Sylvian sinus flows downward during cardiac
systole and upward during diastole. It has been demonstrated
that the movement of CSF is significantly modified not only
by the cardiac pulse but also by respiration.>’

In 1986, Le Bihan et al. published a report on intravoxel
incoherent motions (IVIMs), which resulted in the concepts
of DWI and apparent diffusion coefficient (ADC).*° In the
report, they discussed that the non-uniform slow-flow
effect of CSF according to the existence in a single voxel
of several velocities results in echo attenuation of DWI and
higher ADC. Furthermore, they discussed that this phenom-
enon may have a useful clinical application in IVIM or
diffusion images.*® The signal intensity on DWI depends
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primarily on the relaxation time, proton density, intra-voxel
diffusion, and perfusion, DWI enables visualization of
the motion of water molecules as a decrease in signal due
to phase shift created by the motion. When the phase
shift becomes larger than +n or when various velocities
exist in a single voxel, the signal decrease on DWI becomes
prominent depending on the b-values (motion-related
signal dephasing). A study reported that a low b-value
DWI of b = 500 s/mm? reflected changes in the dynamics
of CSE.'® The study reported that CSF within the lateral
ventricle on low b-value DWI with b = 500 s/mm? demon-
strated higher signals in the ventricle dilatation group than
in the control group. Moving protons, such as those found in
CSF, result in a decrease in signal on DWI, which is greater
when the flow is faster or b-value is larger. When the
motion-probing gradient (MPG) of b = 1000 s/mm” is
used, the signal intensity of CSF on DWI is suppressed
significantly anywhere in CSF. However, when MPG is
lower, such as b = 500 s/mm?, the CSF signal is not sup-
pressed completely, particularly in the portion of the signal
from static protons in CSF, which is the basis of the “T2
shine through” phenomenon. Therefore, the finding that the
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Artery and CSF Motion on Low b-value DWI
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Fig. 3 Comparisons between the CSF signal decrease on DWI using b = 500 s/mm? within the Sylvian fissure and the signal on TOF image.
There were no statistically significant correlations on G likelihood-ratio test between the signal decrease on low b-value DWI and the
arterial signal on TOF in any part of the Sylvian fissure. CSF, cerebrospinal fluid; DWI, diffusion weighted image; TOF, time-of-flight.
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Fig. 4 Comparisons between the decrease in CSF signal on DWI with b = 500 s/mm?* within the Sylvian fissure and the rCBF of the MCA
territory. There was a statistically significant correlation between the signal decrease on low b-value DWI in the middle Sylvian fissure and
rCBF (P = 0.018). In the analysis of all areas within the Sylvian fissure, there was statistically significant correlation between the signal
decrease on low b-value DWI in the Sylvian fissure and rCBF (P = 0.001). CSF, cerebrospinal fluid; DWI, diffusion weighted image; MCA,
middle cerebral artery; rCBF, regional cerebral blood flow.

CSF signal intensity within the ventricle was higher in the  Several studies have evaluated CSF dynamics using low

cases of ventricular dilatation implies that the motion of the ~ b-value diffusion imaging, such as the diffusion tensor
water molecules is slower compared to that in controls.  method** or use of multiple b-values.*'
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A previous study on CSF signal on low b-value DWI
reported that the signal decrease tended to be conspicuous in
locations of relatively large arteries, such as the Sylvian fis-
sure and prepontine cistern,'® which suggests that the driving
force of CSF dynamics may be the pulsations of these large
arteries. This finding was the motivation for the current study
to evaluate the effects of the pulsations of large arteries on
CSF dynamics; we hypothesized that the signal decrease
within the Sylvian fissure on low b-value DWI would be
smaller on the side of MCA occlusion or severe stenosis.
However, the results of the current study revealed those
were not significant correlations between the MCA signal on
TOF-MRA and the grades for decrease in CSF signal on low
b-value DWI at any site, including the Sylvian vallecula and
Sylvian fissure. In contrast, in the middle part of the Sylvian
fissure, a statistically significant correlation was observed
between the decrease in rCBF in the MCA territory on
SPECT and the decrease in CSF signal on low b-value DWI.
Additionally, a statistically significant correlation was
observed when the entire Sylvian vallecula and fissure was
evaluated. It is considered that this is because the number of
samples was increased by collecting the observation points of
the Sylvian fissure, which was statistically advantageous.
Since the laterality of the MCA occlusion in the current
population is almost equal, laterality might not be a confoun-
der. These results may indicate that the direct arterial pulsa-
tions may only be a part of the driving force within the Sylvian
vallecula and Sylvian fissure; however, their effects on CSF
dynamics are limited. We believe that indirect pulsations due
to the pulsations of the cerebral parenchyma, which is repre-
sented by CBF, have comparative effects on CSF dynamics
within the Sylvian vallecula and fissure. Additionally, the
effects would be larger from physiological motion, such as
the motion of the brain during respiration, than from cardiac
pulsations. There are previous reports to suggest that the
respiratory motion has a large influence to the CSF dynamics
by indicating contribution of respiration on CSF velocity in
the aqueduct or foramen magnum.**-?

This study has several limitations. The first limitation in the
current study is that the evaluation was made qualitatively by
scoring methods. One of the reasons is the complexity in the
morphological shape of the CSF space within the cranium.
Signal or ADC quantification by placing manual ROI in such
condition would be suffered by the bias, and quantification by
using a mask would suffer from contamination from adjacent
structures. We selected qualitative evaluation by scoring meth-
ods in order to avoid incomplete signal or ADC quantification.
We evaluated the TOF signal of MCA also qualitatively by
scores. This is because the TOF signal intensity might not
directly reflect the intensity of arterial pulsation. We evaluated
the TOF signal as a descriptor of the MCA stenosis or occlu-
sion. The second limitation is the study was designed as a
retrospective study using clinically obtained images. The
number of the patients is small because we tried to evaluate
the images using the identical image acquisition protocol.
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Patient selection in the current study was based on the descrip-
tion of clinical reports and not optimally randomized ones;
therefore, not all the included patients had rCBF images using
SPECT. The third limitation is the lack of optimization of the
sequence, especially in the b-value. The single b-value of 500
s/mm? may not be optimal for the evaluation of CSF dynamics
but is optimal for the calculation of ADC values in daily
clinical practice. DWI by various b-values can visualize the
degree of the CSF motion. DWI with lower b-value will show
motion-related signal dephasing only in the area with larger
CSF motion, while DWI with higher b-value will show
motion-related signal dephasing of the CSF in wide area
with small to large CSF motion.

Conclusion

We investigated the decrease in CSF signal in the Sylvian
vallecula and fissure in patients with MCA occlusion using
DWI with b-value of 500 s/mm”. No statistical correlation
was observed between the visualization of MCA on MRA
and the degree of the decrease in CSF signal on low b-value
DWI at any site. A statistically significant correlation was
observed between the decrease in rCBF in the MCA territory
and the degree of the decrease in CSF signal on low b-value
DWI in the Sylvian fissure. The driving force of CSF pulsa-
tion in the Sylvian sinus may be related to the pulsations of
the cerebral hemisphere rather than direct arterial pulsations.
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