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Abstract

Perivascular space facilitates cerebral interstitial water clearance. However, it is unclear how dilated perivascular space
(dPVS) affects the interstitial water of surrounding white matter. We aimed to determine the presence and extent of
changes in normal-appearing white matter water components around dPVS in different populations. Twenty healthy
elderly subjects and 15 elderly subjects with severe cerebral small vessel disease (CSVD, with lacunar infarction
6 months before the scan) were included in our study. And other 28 healthy adult subjects were enrolled under a
different scanning parameter to see if the results are comparable. The normal-appearing white matter around dPVS was
categorized into 10 layers (I mm thickness each) based on their distance to dPVS. We evaluated the mean isotropic-
diffusing water volume fraction in each layer. We discovered a significantly reduced free-water content in the layers
closely adjacent to the dPVS in the healthy elderlies. however, this reduction around dPVS was weaker in the CSVD
subjects. We also discovered an elevated free-water content within dPVS. DPVS played different roles in healthy subjects
or CSVD subjects. The reduced water content around dPVS in healthy subjects suggests these MR-visible PVSs are not
always related to the stagnation of fluid.
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even younger individuals,’ it is unclear whether these
dPVSs found in different populations have similar
pathological or biological significance.

Reduction in fraction anisotropy and increase in
mean diffusivity are important and constant findings
in CSVD and are related to clinical deficits.®’ The
prevailing interpretation of these diffusion changes is
axon loss and demyelination.® However, recent studies
showed that increased interstitial water content is the
main drive of diffusion parameter changes in CSVD,’
suggesting dPVS and stagnation of fluid drainage
played an important role.'” However, the presence
and extent of changes in normal-appearing white
matter water components around dPVS are not clear.
Currently, only a few studies explored the change of
water content inside PVS by assuming the anisotropic
water diffusion within PVS.'"'! However, no observa-
tion was made about how dPVS affects tissue water
content around it and how far may this effect spreads,
and if there is a distance-related pattern of water con-
tent around dPVS.

As such, the purpose of the current study is to
explore how dPVS may affect the interstitial water con-
tent in and around them, and whether these effects
remain the same in subjects of different age groups
and conditions. We also tried to discover whether a
similar or comparable pattern can be found under a
different scanning protocol and voxel size. Since DTI
model cannot distinguish different water compartments
within and outside axons, and FA and MD are influ-
enced mainly by factors such as fiber orientation and
water volume fraction in different compartments.
Instead, we employed the NODDI model to separate
diffusion signals from interstitial water and intra-
axonal water, which exhibits restricted diffusion along
the cylindrically shaped axon, providing an opportuni-
ty to explore water content changes in different com-
partments. Furthermore, we developed a method for
distance map-based analysis, assigning the distance to
the nearest dPVSs surface to each white matter voxel,
allowing analysis of the distance-related pattern of dif-
ferent water compartments around dilate PVSs.

Materials and method

Ethics statement

All subjects scanned at Second Affiliated Hospital of
Zhejiang University were informed with written con-
sent obtained prior to the study. The study protocol
was approved by the human ethics committee of the
Second Affiliated Hospital of Zhejiang University,
School of Medicine. All clinical investigations had
been conducted according to the principle of the
Declaration of Helsinki.

Part of the de-identified data was obtained from the
HCP-MGH Adult Diffusion Data project, which is an
online open-access database. The participants gave
written consent, and the procedures were carried out
under the institutional review board approval and pro-
cedures. The use of the data complied with the HCP
Data Use Agreement.

Subjects

This study included subjects from 3 populations, the
first two groups were of the same scanning protocol,
and the third group was from HCP-MGH Adult
Diffusion Database with a different scanning protocol
to ensure that our discovered patterns are not
parameter-specific and are comparable under different
parameters.

The first group of subjects was collected from the
Department of Neurology, Second Affiliated Hospital
of Zhejiang University, School of Medicine (referred to
as the “CSVD group”). Patients diagnosed with lacu-
nar infarction from at least 6 months before the scan
were provided with an opportunity to participate in
this study. Fifteen patients were retrospectively includ-
ed. The inclusion criteria are: (1) with visible dPVS on
T2 weighted image; (2) agreed to participate and with-
out the exclusion criteria: (1) MR incompatible; (2)
excessive WMH (>=25% of total white matter
volume) that would cause difficulties in PVS segmen-
tation; (3) history of stroke (except lacunar infarction),
multiple sclerosis, Alzheimer’s disease, Parkinson’s dis-
ease, and head trauma; (4) low image quality such as
head motion and other artifacts.

The Second group (referred to as the “Healthy aging
group”) was healthy age-matched volunteers recruited
from nearby communities. Twenty subjects were
enrolled based on the inclusion criteria of (1)
age > 55-year-old; (2) with visible dPVS on T2 weight-
ed image; (3) agreed to participate and without the
exclusion criteria: (1) MR incompatible; (2) history of
other cerebral small vessel diseases including WMH,
lacunar infarction, and microbleed; (3) history of
stroke, multiple sclerosis, Alzheimer’s disease,
Parkinson’s disease, and head trauma; (4) low image
quality such as head motion and other artifacts.

The third group was 35 healthy subjects aged from
20~59 from the HCP-MGH Adult Diffusion Data
project (Hereafter referred to as the “Healthy adult
group”). The data is available to those who register
and agree to the Open Access Data Use Terms.
Image data were downloaded and examined. Subjects
with complete T1, T2, and diffusion images were
included in our study. After inspection, three subjects
were removed due to a lack of T2 image. Another 4
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subjects were removed due to head motion and visible
artifact on the image (Figure 1).

MRI protocol

All subjects from the CSVD group and the Healthy
aging group were scanned at Second Affiliated
Hospital of Zhejiang University, School of Medicine
using a 3T MR (MR750 GE healthcare, Unite

States) scanner with an 8-channel brain phased array
coil. Patients were instructed to not move their heads,
and foam paddings were used to restrict head motion.
Upon detection of obvious head motion during scan-
ning, the affected sequence would be discarded and
rescanned. Scanning protocols are: (1) High resolution
3 D sagittal T1-weighted imaging (T1WI) was acquired
using spoiled gradient echo sequence with TR/
TE=7.3/3.0ms, TI=450ms, flip angle=8o0, slice

Diffusion image

|

Diffusion preprocessing

AMICO-NODDI model

dPVS(red) and
flipped(yellow) mask

T2image T1image
Co-registered to
T2 image
PV lin,
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Y
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Figure |. T2 images were used to create the dilated perivascular space (dPVS) masks. Then random lineal structures were generated
at nearby white matter (phantom dPVS). The overlapped PVS voxels were removed from the phantom dPVS. Then for each voxel on
the normal white matter mask, 2 distance values were calculated: the distance to the nearest dPVS and the distance to the nearest
phantom dPVS. The respective distance maps were generated by assigning the distance value to each voxel.
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thickness = 1 mm, matrix =250 x 250, FOV =25cm.
(2) T2WI TR/TE =3000/106.8, voxel size = 1*1*4. (3)
T2 FLAIR: TR/TE =8400/152ms, TI=2100ms, flip
angle =900, slice thickness =4 mm without slice gap,
matrix size =256 x 256, FOV =24cm). (4) Diffusion
scan was acquired using a single-shot, spin—echo
planar imaging (EPI) sequence with TR/TE = 5000/
95ms; slice thickness =2 mm without slice gap; FOV:
256 mmx 256 mm; matrix: 128 x 128; and three diffu-
sion weighting (b) values (0, 1000, and 2000 s/mm?),
with diffusion encoding in 30 directions for every b-
value.

The subjects from the HCP-MGH Adult Diffusion
Data project received their scanning on the customized
Siemens 3T Connectom scanner, which is a modified
3T Skyra system (MAGNETOM Skyra Siemens
Healthcare), housed at the MGH/HST Athinoula A.
Martinos Center for Biomedical Imaging (see
refernce'? for details of the scanner design and imple-
mentation). A 64-channel, tight-fitting brain array
coil'® was used for data acquisition. The imaging pro-
tocols are: (1) T1-weighted imaging scan was acquired
with  TR/TE=2530/1.15ms, TI=1100ms, flip
angle=7°, 1mm isotropic, FOV =256%*256. (2) T2
weighted image, TR/TE =3200/561 ms, 0.7 mm isotro-
pic, FOV =224*224. (3) Diffusion scans were acquired
using spin-echo EPI sequence with TR/TE =8800/57,
0/A=12.9/21.8, FOV =210*%210, Matrix = 140%140,
I.5mm isotropic, Multiband factor=1, Echo
spacing =0.63(ms), b-values=1000, 3000, 5000,
10000 s/mm? Due to the fact that NODDI assumes
gaussian diffusivity across compartments. However
this assumption is drastically violated at high b-
values, we removed the b=15000 and b=10,000
images, using only the b=0, 1000, and 3000 images
to reconstruct the NODDI parameters.

Image analysis

PVS labeling. DPVSs on the 3D T2 images from the
HCP-MGH database were automatically segmented.
PVS segmentations were obtained using a multi-
channel multi-scale fully convolutional network devel-
oped and explained in detail in our previous work.'*
Briefly, the original T2-weighted images were first
enhanced via a non-local Haar-transform-based line
singularity representation method. Then both the orig-
inal and enhanced MR images were used as multi-
channel input, and multi-scale features were automati-
cally learned to distinguish the PVSs and surrounding
brain tissue. After the automatic segmentation, the
PVS masks were manually checked and corrected
by an experienced radiologist (Y.J.) (Figurel,
Supplementary Figure 1). Due to the algorithm was
developed for 3D images and the performance was

not optimal for 2D images, the 2D images scanned
at Second Affiliated Hospital of Zhejiang University
School of Medicine were manually labeled by an expe-
rienced radiologist and reviewed by two other experi-
enced radiologists. A Consensus was reached through
discussion over dispersion.

“Phantom dPVS”. However, we are aware that dPVS
tend to appear in specific white matter areas of the
brain (in areas closer to the cortical gray matter).
This tendency of appearing in a specific white matter
area could contaminant our results because different
white matter areas could have intrinsic differences in
nonparenchymal water fractions. To make sure the
distance-related pattern of nonparenchymal water frac-
tions are specific to dPVS and not due to the intrinsic
difference between different white matter regions, a
number of voxels in normal-appearing white matter
region where dPVS often appear were selected. These
non-PVS control voxels were selected by flipping and
reorienting the current dPVS mask, resulting in a
“phantom dPVS” mask. Then the original PVS mask
was subtracted from the phantom mask to make sure
no “real” dPVS were included in the phantom masks.
This way, we accounted for the intrinsic differences
caused by different white matter regions.

Obtaining the normal white matter mask. T1 and T2FLAIR
images were co-registered to the T2 image of the same
subjects. Then T1 images were used to create the white
matter mask with the segmentation tool of SPM 12.
T2FLAIR images were used for WMH segmentation
with the Lesion Segmentation Tool of SPM 12. The
WMH labeling steps were not conducted on subjects
from the HCP-MGH data set as they are young and
healthy with little WMH, and T2 FLAIR images were
not available for them. Normal-appearing white matter
masks were obtained by subtracting WMH masks from
the white matter mask, whereas in the HCP-MGH data
set, the segmented WM masks are considered to be the
normal-appearing white matter masks (Figure 1).

Distance mapping. After obtaining the normal-appearing
white matter masks and PVS masks, for each voxel in
the normal-appearing white matter mask (iy, i, is. . .i,, ),
the pairwise Euclidean distances between the given
voxel i, and every voxel on the PVS mask (ji, j», J3
... Jm) were calculated, and the smallest distance
among them is the distance for the voxel i, to the near-
est PVS (denoted by d,,). And for each voxel on the
normal-appearing white matter mask, its intensity is set
to this distance. Similarly, another set of distance maps
was obtained by calculating and assigning the distance
between each white matter voxel to the nearest phan-
tom mask (denoted by deoniro1) (Figure 1). The voxels
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were then categorized into 10 layers with thicknesses of ~ were obtained based on the equation (1) and (2).
1 mm based on their distance to the nearest dPVS sur-
face (determined by the d, value), resulting in a lay- (1 =Viso) (Vic + Vexe) + Viso (D
ered normal-appearing white matter mask. And then

Vie+ Vexe = 1 (2)

the process was repeated for each voxel based on
their deonirol Value (Figure 2).

Preprocessing of multi-shell diffusion data. Raw diffusion
data from the 2" affiliated hospital of Zhejiang
University were motion-corrected, and eddy current
corrected using Freesurfer and FSL, respectively.

HCP MGH diffusion data underwent motion and
eddy current correction before downloaded. The b=0
images interspersed throughout the diffusion scans
were used to estimate the bulk head motions based
on the initial time point (first b=0 image), where a
rigid transformation was calculated with the
boundary-based registration tool in the FreeSurfer
package V5.3.0. For each b =0 image, this transforma-
tion was then applied to itself, and the following 13
diffusion weighted images to correct for head motions.
After motion correction, the b-vectors were adjusted
according to the rigid rotation estimated.

NODDI model fitting. The NODDI model'” separated
cerebral water into 3 main compartments: 1)
Intracellular volume, which is water diffusing in a
“cylindrical” motion along a long tube-like structure,
like in myelinated axon. 2) The extra-cellular volume
where water motion is hindered but not restricted, like
in extra-cellular space. 3) Isotropic volume refers to
water moving in isotropic motion, like in cerebral
spinal fluid. The Python-based AMICO-NODDI soft-
ware'® was used to fit the preprocessed multi-shell dif-
fusion data, and 2 parameter maps (isotropic volume
fraction, Vi, and intra-cellular volume fraction, Vi.)

Parameter reading and statistical analysis. The mean Vi,
and Vi, were calculated for all voxels in each layer
around dPVS and phantom dPVS (Figure 2). To test
if there were significant differences in the V. and Vi,
between voxels around the dPVS and phantom dPVS,
for each category, pairwise t-tests were conducted
between the mean Vi, and Vi, €.g. the mean Vi, in
the first layer around dPVS is compared with the mean
Viso 1n the first layer around phantom dPVS, and so
forth. Because there were 10 layers and 3 groups, and
the pairwise t-tests were conducted 60 times.
Bonferroni corrections were used, and the P value of
significant difference was set to 0.05/60 ~ 0.00083. A
Repeated measures analysis of variance (RANOVA)
was used to test if there are significant Viso changes
in each layer, and to test the impact of age, scanner,
and CSVD status on Viso. Model have Viso in different
layers as the responses and scanner, age and CSVD
statues as the predictors. To further compare if there
were group differences in the Viso in dPVS, The Viso of
dPVS between different groups were compared using
the ANOVA test. Further Pearson correlation tests
were conducted within each group to test if the Viso
in dPVS is correlated with the Viso of the whole-brain
normal-appearing white matter. Data was tested with
Lilliefors test for normality.

Results

From the original 35 HCP-MGH subjects, 3 were
removed due to lack of T2 image, and 4 were removed

White matter voxel

Figure 2. For a specific white matter voxel, it has a distance value to each dPVS voxel (d;o, d;;, dip. . .). And within all these distance
values, the d ;o is the smallest for it is perpendicular to the nearest dPVS. The voxels were categorized into |0 layers with | mm
thickness based on their distance to the nearest dPVS surface, resulting in a layered normal-appearing white matter mask.
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due to head motion and visible artifact. Demographic
data were provided in Table 1.

The mean V. and Vi, at each distance-associated
category for each group were plotted in Figure 3(a)
to (f), as well as an illustrative figure was provided in
Figure 3(g). In all 3 groups, the V. around dPVS did
not differ from that of the phantom dPVS (Pair-wise
t-test P wvalues >0.05 at all distance ranges).
However, Vi, from 0~ 1mm and 1~2mm around
dPVS is significantly higher than that of control
points in all groups. And Vi, from 2~4mm from
dPVS is significantly lower than that of control
points in the healthy elderly group, and And Viso
from 3~6mm from dPVS is significantly lower
than that of control points in the healthy adult
group. In the CSVD group, the Viso is lower only
at 3~4mm from dPVS than control points, and the
differences were smaller than the rest of the groups.
Because our diffusion data from the Second
Affiliated Hospital of Zhejiang University have a
voxel size of 2mm, a separate analysis with 5
layers with 2mm thick was conducted and the
result can be found in Supplementary Figure 2.

RANOVA results showed that layered distance
(reflect by the intercept) and CSVD have a significant
impact on Viso (Table 2). ANOVA analysis results
suggest that there are significant differences in Vi,
within 2mm from the dPVS between the 3 groups
(P <0.001). Further post-hoc analysis using LSD cor-
rection revealed that the differences were significant
between each pair of the 3 groups (Figure 4).
The CSVD group had the highest Vi, within dPVS,
while the healthy adult group had the lowest.
The Pearson correlation test between V in dPVS and
the V across the entire normal-appearing white
matter showed a significant positive correlation in
the Healthy Elderly group and the Healthy Adult
group (P<0.001), but not in the CSVD group
(P=0.888) (Figure 5).

Table 1. The demographic data of subjects in different groups.

Discussions

In the present study, we analyzed the pattern of
distance-related nonparenchymal water content distri-
bution around dPVS, and we examined this pattern in 3
groups of subjects from different populations. We dis-
covered that there were increased isotropic water
volume fraction in voxels contain or partially contain
dPVS (0 ~2mm around dPVS segmentation), and that
there were decreased isotropic water volume fraction in
voxels 2~ 6mm around PVS in the healthy subjects.
Whereas in the subjects with extensive CSVD, the
increased isotropic water volume fraction in dPVS
become more prominent, and the decrease of isotropic
water volume fraction around dPVS becomes less sig-
nificant. This pattern was validated across different
voxel-size and diffusion protocols, suggesting the
robustness of the results.

The discovery of increased Vi, at 0 ~2mm around
dPVSs is most likely to be driven by the water signal
inside the dPVSs, especially considering our images
have a spatial resolution of 1.5mm for the HCP-
MGH dataset and 2mm for the rest data sets. A pre-
vious study suggested that PVS has an anisotropic dif-
fusion since it has a tubular structure and directional
water movement, it is also possible to be isotropic
under certain condition,'® e.g. when the PVS is dilated
enough that the diameter of the PVS is larger than the
water can diffuse during the diffusion time, and hile
the directional motion in the PVS is slow enough,
then the water diffusion could appear isotropic.'®
Also, there were no differences in the V. compartment
around dPVS, which reflected no significant change in
the volume distribution of the non-isotropic diffusion
compartment, this further suggests that water in dPVS
could exhibit an isotropic diffusion.

The most noteworthy finding is that Vi, in healthy
adults and healthy elderly subjects are decreased in
areas from 2~ 6mm around dPVS when compared to
normal-appearing white matter areas. This finding

Characteristics CSVD group Healthy elderly Healthy adult
Number of subjects 15 20 28

Age, mean (range), year 67.1 (57 ~8l) 63.6 (56 ~83) 31.9 (20 ~59)*
Women 4 15 13

Education, mean (range), year 7.1 3~12) 9 (4~ 16) NA®

MMSE score, mean (range) 26.8 (25~29) 27.3 (24~ 30) NA®
Cardiovascular risk factors or diseases

Current smoker | I NA®

Type 2 diabetes 0 0 NA®
Hypertension 4 I NA®

*The HCP-MGH database only provided a age range for each de-identified subject not the specific age.
®HCP-MGH adult diffusion data set did not provide detailed demographic data, but reported the subjects were healthy at enroliment.
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Figure 3. (a—f) The volume fraction of isotropic water compartment (Vis,, %) and Volume fraction of intra-cellular water com-
partment (Vi., %) in each layer. Horizontal axes are the distance to the nearest dilated perivascular space (dPVS) or phantom dPVS.
Vertical axes are the mean V,, (or V,.) in that layer. Red lines denote Vi, is significantly higher around the dPVS than around the

phantom in that specific layer between the connected pair, and blue line vice versa. P values were adjusted due to multiple

comparisons using the Bonferroni method: P < 0.00083. G: lllustrative figure showing a large PVS in a healthy adult (27 y-o). Viso map

showed significantly increased signal intensity. A relatively lower signal intensity area surrounding the large PVS can be noted.

somewhat contradicts the previous belief that the dPVS
is related to increased water content around it. This
decrease much weaker in subjects with extensive
CSVD. One possible explanation is these dPVSs or

“MR-visible” PVSs in healthy subjects could accelerate
the draining of interstitial fluid around it, thus reducing
the water content. Though there is currently no direct
evidence to prove the dPVSs could accelerate fluid
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Table 2. The repeated measures analysis of variance results.

Responses: Viso in different distance (Layers)

SumSq MeanSq F p*
Intercept (Distance) 0.0028 0.00031 4.98 0.012%*
Scanner: 0.0011 0.00015 2.02 0.14
CSVD 0.0046 0.00051 8.19 0.00096**
Age 0.001 I 0.00012 1.94 0.16
Error 0.027 6.25E-05
Repeated measures analysis of variance (RANOVA)
*Greenhouse-Geisser corrected
*Corrected P < 0.05
Average volume fraction of isotropic diffusing water (Viso) in Average volume fraction of isotropic diffusing water
dilated PVS (Viso) in normal appearing white matter
P<0.01*
016 u P<0.019* P<0.01* l 0.2
0.14 . ®
= 3 * 0.1 ®
g o2 [ | ®
& . ' 0.08 o ®
& o . l ]
E oo0s ® 006 '
° L] . L4 ®
& o0 i 0.04
£ oos ]
i : 0.02
. Severe CSVD Healthy Elderly Healthy Adulto Severe CSVD Healthy Elderly Healthy Adult
*: P value after LSD correction

Figure 4. (a) Dotted plot showing the differences of the Volume fraction of isotropic water compartment (Vis,, %) within dilated
perivascular space (dPVS) between different groups, CSVD group had the highest Vi (b) the differences of V,,, across the entire

normal white matter between the three groups. There was a trend of CSVD group having the highest Vs, and healthy adults having the
lowest Vis, but didn’t reach statistical significance (ANOVA P =0.241).

Correlation of volume fraction of isotropic diffusing water (V. ) in dilated
PVS and in normal white matter

(@) (b) (©
g 0.09 ¢ 0.09 ¢ 012 ¢
el | " o= Secd | R=0.781 ®4° 01} R2=0.830 ®
® 007 | o #° o 007} pe g
5 006 | a 0.06 | .l;‘:- 0.08 } &
E 005 | * o 0.05 } Pl 0.06 | % a0
o 004 0.04 } ' ..,.0'\
< 003 | 0.03 004 t &
g 002 } 0.02 | & e®
= 0.01 0.01 } Sl

0 — 0 0

0.05 01 0.15 0 0.05 0.1 0.15 0 0.05 0.1

Severe CSVD Group Healthy Elderly Healthy Adults

0.15

Figure 5. The Correlation between Vs, (volume %) in dPVS and normal white matter. The correlation was not significant in the
CSVD group. The horizontal axes represent the Vi, in dPVS and the vertical axes represent the V. in normal white matter.
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drainage, a study observed diurnal fluctuation of dif-
fusion signal '’ caused by changes in the perivascular
pathway, and another study also find the activity of
PVS is different under anesthetics or waken states.’
This evidence supported the possibility of PVS dilating
or closing to adjust fluid drainage. After ischemic
stroke, an increased number of PVS in the lesion is
related to better recovery and accelerated metabolism
of waste products.'® These studies suggest that PVS has
the potential to dilate and accelerate waster clearance.
On the other hand, in elderly subjects with CSVD, the
decrease of Vi, around dPVS is much weaker, which
could be explained by the stagnation of fluid drainage
and the failure of compensation, which limited further
acceleration of fluid clearance. This is further sup-
ported by a previous study on WMH formation
around dPVS in CSVD patients."”

It should also be noted that the dPVS in the CSVD
group showed higher Vi, than in healthy subjects, and
the healthy elderly had higher Vi, than healthy adults.
Higher Vi, reflects a higher volume fraction of isotropic
water fraction in the voxel containing dPVS, which
could be interpreted as an increased partial volume frac-
tion of dPVS in a voxel, which means larger PVS. And
larger dPVS in CSVD is in par with the previous obser-
vation of more severe dPVS in the CSVD.? More sup-
portive evidence comes from studies from Bouvy et al.?!
and Goodman et al.,””> whose studies demonstrated
small vessel angiopathy and disrupted vasomotor func-
tion, both considered pathologies related to CSVD, are
closely related to dPVS. On the other hand, the Vi,
changes in the dPVS of healthy subjects are highly cor-
related with the global white matter Vig,, which could be
interpreted as a mechanism of maintaining fluid balance.
While in the CSVD subject, the Vi, in dPVS and global
white matter are no longer correlated in our study, sup-
porting the hypothesis of dysfunctional PVS in CSVD
subjects and that CSVD is a wide-spreading condition
that can affect the whole brain instead of just restricted
to the focal lesion. However, as currently the exact
mechanism of water transport within PVS is still being
debated,”?* any interpretation of water diffusion
results should be made with caution. Nevertheless, our
result suggested that dPVS found in healthy young sub-
jects and elderly subjects with CSVD could reflect dif-
ferent physiological or pathological processes and that
dPVS could be a heterogenetic entity, which could help
to explain the uncertainty in the clinical correlation of
dPVS in previous studies.

Limitations

Because PVS are small and thin linear structures on T2
image, the slightest movement could cause misalign-
ment of PVS and related diffusion map. Care was

taken to ensure the best image quality in our study,
but future studies with dedicated scanning protocol
and deep learning base co-registration technique can
analyze the imaging of PVS more accurately.
Secondly, NODDI assumes a fixed diffusivity during
fitting, which could be violated in the presence of
pathology. So part of the change in the Viso could be
the result of a change in tissue diffusivity instead of an
actual change in water content. Future pathological
studies and studies using techniques like diffusion spec-
trum imaging that do not assume a fixed diffusivity
could be better equipped to explore the varies.

Summary

DPVS could reflect different physiological or patholog-
ical processes in healthy young and elderly subjects
with CSVD. DPVS in younger healthy subjects is not
necessarily related to pathological changes.
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