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ABSTRACT

Background The association between perivascular space
(PVS) and white matter hyperintensity (WMH) has been
unclear. Normal-appearing white matter (NAWM) around
WMH is also found correlated with the development of
focal WMH. This study aims to investigate the topological
connections among PVS, deep WMH (dWMH) and NAWM
around WMH using 7 Tesla (7T) MRI.

Methods Thirty-two patients with non-confluent WMHs
and 16 subjects without WMHs were recruited from our
department and clinic. We compared the PVS burden
between patients with and without WMHs using a 5-point
scale. Then, the dilatation and the number of PVS within

a radius of 1cm around each dWMH were compared with
those of a reference site (without WMH) in the contralateral
hemisphere. In this study, we define NAWM as an area
within the radius of 1 cm around each dWMH. Furthermore,
we assessed the spatial relationship between dWMH and
PVS.

Results Higher PVS scores in the centrum semiovale were
found in patients with >5 dWMHs (median 3) than subjects
without dWMH (median 2, p = 0.014). We found there

was a greater dilatation and a higher number of PVS in
NAWM around dWMH than at the reference sites (p<0.001,
p<0.001). In addition, 79.59% of the dWMHs were spatially
connected with PVS.

Conclusion dWMH, NAWM surrounding WMH and MRI-
visible PVS are spatially correlated in the early stage of
cerebral small vessel disease. Future study of WMH and
NAWM should not overlook MRI-visible PVS.

INTRODUCTION

White matter hyperintensity (WMH), which
has been frequently observed in older
people, is one radiological feature of cere-
bral small vessel disease (CSVD).! WMH is
associated with cognitive impairment,” mood
disturbances,” and gait dysfunction. Punc-
tate WMHs are more diffusely distributed in
supratentorial white matter, especially in fron-
toparietal white matter,” while early confluent
WMHs are more frequently found in water-
shed regions.® However, the pathogenesis of
WMH is yet to be fully understood.”

Previous studies have shown that micro-
structural integrity impairment of the
normal-appearing white matter (NAWM)
was associated with the development of focal
WMH and could continuously aggravate into
WMH over time,8 It indicates that NAWM
surrounding WMH is associated with impaired
structural integrity."’ ' A further study showed
that reduced cerebral blood flow (CBF) and
increased blood-brain barrier (BBB) perme-
ability, both of which would increase the like-
lihood of developing WMH, appeared in the
NAWM surrounding WMH.'*

Perivascular space (PVS) is a fluid-filled
chamber revolving around the small vessel
in the brain, and it acts as a conduit for fluid
transport and clearance of waste proteins.'?
There is accumulating epidemiological
evidence suggesting that PVS dilatation is
associated with increased severity of WMH.'*'®
Neuropathologically, WMH revealed dilated
PVS, demyelination, axonal loss and gliosis.16
A previous study suggested greater fluid-like
properties in NAWM.'” As PVS correlated with
unincorporated anisotropic water, it would be
beneficial to study whether PVS changes in
the NAWM."®

The PVS, being very small, was usually
visualised by conventional clinical 1.5 or 3
Tesla MRI sequences. As 7T MRI can provide
a higher signal-to-noise ratio (SNR) and
spatial resolution of the image, this can offer
multiple novel insights into vascular and
brain parenchymal damages associated with
CSVD, such as better detection of MRI-visible
PVS, cerebral microbleeds and microinfarct
as well as better vessel wall imaging.'? *’ With
7T MRI, the PVS could be visualised by high-
resolution 3D imaging. In this way, smaller
PVS and minor morphological changes of
the PVS can be more readily detected in a 3D
space compared with 3.0T or 1.5T MRI, which
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Participants with WMHs in 7T MR
n=109

[ age 30-60 (n=57) |

[ Age>60 (n=52) |

Excluded (n=25)
WMHs>15 (n=21)
Movement artifacts (n=2)
No T2 (n=2)

[ 16 with <5 WMHs | | 16 with 6-15WMH:s |

Figure 1 Flow chart of enroliment in this study. WMH, white
matter hyperintensity.

may be beneficial to the study of PVS. The purpose of this
study is to describe the topological relationship among
deep WMH (dWMH), NAWM surrounding WMH, and
PVS, with the hypothesis that both dWMH and NAWM
would be associated with MRI-visible PVS in patients with
CSVD.

METHODS

Participants

The data of consecutive subjects recruited in a prospective
longitudinal 7T MRI study between December 2020 and
January 2022 from our clinic and department was retro-
spectively reviewed. This prospective longitudinal 7T MRI

lllustration of reference sites of dAWMH. The
degrees of the dilatation and number of PVS within a
spherical area with a radius of 1cm around dWMH and the
anatomically corresponding reference area in the contralateral
hemisphere were evaluated in axil plane (A), coronal plane

(B) and sagittal plane (C and D). dWMH, deep white matter
hyperintensity; PVS, perivascular space.

Figure 2

study is a single-centre prospective observational study
that recruits subjects (age >30) with GSVD. Neuropsy-
chological test, gait analysis and multimodal 7T MRI scan
were performed for evaluation of CSVD. Currently the
cohort comprises 109 participants. The initial reasons
for patients to undergo a diagnostic 3T MRI are mainly
comprised, e.g. headache, dizziness, sleep disorders, gait
disturbances or memory loss. The inclusion criterion
was the presence of CSVD imaging markers (WMHs, or
at least one lacuna, or one cerebral microbleed). Exclu-
sion criteria were: (1) secondary WMH, such as immu-
nological, infectious, toxic, metabolic and other causes;
(2) abnormal brain lesions, such as brain trauma, intrac-
erebral haemorrhage, non-lacunar cerebral infarction
and other intracranial space occupying lesions; (3) MR
angiography showing severe intracerebral atherosclerotic
stenosis; (4) contra-indications for 7T MRI. All subjects
have signed informed consent.

For the current study, we aim to observe the spatial rela-
tionship between dWMH, NAWM and PVS in the early
stage of CSVD. So we included patients in this prospective
longitudinal 7T MRI study who also met the additional
inclusion criteria: (1) age 30-60 years; (2) no more than
fifteen non-confluent white matter lesions (WMLs) that
are larger than 2mm. The study initially recruited 57 indi-
viduals aged 30-60 years. In those, 21 subjects having>15
WMHs, 2 subjects whose images were greatly influenced
by movement artefacts and two missing T2 sequences
were excluded. Seventeen subjects without WMH/
lacuna/ cerebral microbleed were also recruited from our
department and the clinic as well who also underwent 7T
MRI scanning. Of those, one was excluded due to move-
ment artefacts. Finally, 48 participants were involved in
the analysis, and 32 of which showed WMHs and 16 did
not. Among the 32 participants with WMHSs, 16 patients
had <5 WMLs and 16 patients had >5 WMLs (figure 1).

MR imaging

All subjects underwent multi-model MRI by 7.0T MRI
(MAGNETOM Terra, Siemens Healthcare, Erlangen,
Germany) scanner using a 32-channel brain phased array
coil. Thescanningsequencesincluded: (1) a3DT2-weighted
spcR  sequence  (voxel  size=0.7x0.7x0.7mm’,TE/
TR=4000/118 ms, flip angle=120°, scan duration
7min 2s), used for assessing PVS, (2) a 3D fluid-
attenuated inversion recovery(FLAIR) sequence (voxel
size=0.7x0.7x0.7mm’,  TE/TR=9000/270 ms, flip
angle=120°, scan duration 4min 5s), used for assessing
WMH, (3) aTl-weighted sequence with 3D magnetisation-
prepared rapid gradient echo(3D-MP2RAGE) (voxel
size=0.7x0.7x0.7mm?> TE/TI/TR=3800,/2.27/2700  ms,
scan duration 6min 37s), used for mirroring WMHs to
the contralateral hemisphere to generate reference sites,
(4) a 3D susceptibility weighted imaging (SWI) sequence
(pixel size=0.12x0.12mm, slice thickness=1.5mm,TE/
TR=9.54/21 ms, flip angle=10°, scan duration 6 min 37s),
used for assessing cerebral microbleeds (CMBs). These
participants also underwent 3.0T MRI scanner (Philips
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Figure 3 The reference template used for the grading of
PVS. From above to below, each template illustrates different
extents of the dilatation of PVS. A single location was
revealed in three directions (from left to right: axial, coronal,
sagittal) in each row. PVS, perivascular space.

Ingenia, Philips Healthcare, Best, Netherlands). The
MRI protocol included Tl-weighted sequence (TE=2.3
ms, TR=250 ms, flip angle=75°, matrix size=512x512x18,
voxel size=0.45 mmx0.4bmmx6 mm), T2-weighted FLAIR
sequence (TE=120 ms, TR=7000 ms, flip angle=90°, matrix
size=384x384x18, voxel size=0.6 mmx0.6mmx6mm)
and time-offlight MRA (TE=3.5 ms, TR=23 ms,
flip angle=18°, matrix size=560x560x112, voxel
size=0.375mmx0.375mmx0.8 mm).

Image analysis

All imaging markers of CSVD were evaluated according to
the Standards for Reporting Vascular Changes on Neuro-
imaging.”' PVS was defined as a thin linear or small punc-
tate structure of cerebrospinal fluid intensity with a diam-
eter generally<3 mm that ran perpendicular to the brain’s
surface and were parallel to the perforating vessels. We
recognise PVS in axial, sagittal and coronal direction to
appreciate the 3D shape of possible PVS.

Rating of PVS in subjects with and without dWMHs

The burden of PVS in the basal ganglia (BG-PVS) and the
centrum semiovale (CSO-PVS) were respectively rated on
T2 sequences of 7.0T MRI. In BG and CSO, the slice with
the maximum number of PVS was used for the rating. In
BG and CSO, PVS were rated using a five-point score™:
Grade 0 for no PVS, Grade 1 for 1-10 PVS, Grade 2 for

11-20 PVS, Grade 3 for 21-40 PVS, Grade 4 for>40PVS.

Comparison PVS dilatation and number between NAWM
surrounding dWMHs and reference sites

The FLAIR images were registered to the T2 images to
present the spatial association of NAWM surrounding
dWMH and PVS in 7.0T MRI. T2-FLAIR images were
registered to the T2-weighted images with an affine trans-
formation based on the statistical parametric mapping
12 registration packages (www.fil.ion.ucl.ac.uk/spm).
We assessed the PVS dilatation in a sphere with a radius
of 1cm surrounding dWMH and the symmetrical refer-
ence region in the contralateral hemisphere (figure 2).
A radius of 1cm was chosen in this study because micro-
structural changes were usually reported to extend
2-9mm from the WMHs."' WMH and reference site were
blinded to the rater by masking out the sphere’s centre
(ie, the site of the WMH or the reference site). WMH was
ruled out from the analysis if another WMH was located
within its reference area. The overall number of WMHs
in these subjects was 196 and 32 dWMHs were excluded
because dAWMHSs were also located at the reference sites
in the contralateral hemisphere. Finally 164 dWMHs in
total were used for the analysis.

We used the four-point rating scale to evaluate the
dilatation of PVS®: Grade 0 for no PVS, Grade 1 for a
few small punctate PVS, Grade 2 for several moderately
dilated PVS, Grade 3 for many severely dilated PVS(-
figure 3). The degree of PVS dilatation within a 1cm
radius around the selected locations was evaluated in
three directions (sagittal, coronal and axial), respec-
tively (figure 2). The PVS score is the highest score of
the regions’ scores in three directions. The degree of PVS
dilatation of 164 dWMHs and 164 reference sites was eval-
uated by two raters who showed good agreement (intra-
class correlation coefficient (ICC)=0.86).

We also counted the number of PVS within 1cm radius
around the selected locations (164 dWMHs and 164 refer-
ence sites) in three directions (sagittal, coronal and axial)
respectively. The sum of the number of PVS in three
directions was calculated. We used a six-point rating scale
to evaluate the sum of number of PVS as follows: grade
0 for no PVS, grade 1 for 1-5 PVS, grade 2 for 6-10 PVS,
grade 3 for 11-15 PVS, grade 4 for 16-20 PVS, grade 5
for>20PVS. The grade of the number of PVS was counted
by two raters with excellent agreement (ICC=0.90).

Visual assessment of the spatial relationship between dWMHs
and PVS

We classified the WMH into three types as previous study:
(1) Type 1, topologically connected with a single PVS; (2)
Type 2, topologically connected with multiple PVS; (3)
Type 3, does not connect to any PVS (figure 4).** Two
raters blinded to each other assessed the topological asso-
ciation between WMH and PVS. There were 196 dWMHs
in these patients. The inter-rater kappa was 0.7.

Statistical analysis
The Wilcoxon-signed rank test was used to compare
the PVS scores around WMHs and reference sites. The

146 Huo Y, et al. Stroke & Vascular Neurology 2023;8:6001611. doi:10.1136/svn-2022-001611


www.fil.ion.ucl.ac.uk/spm

Open access

Figure 4 |lllustration of spatial connections between WMH
and PVS. (A) Type 1, small punctate WMH (yellow arrow)
was spatially connected with one PVS tube. (B) Type 2,
flake-like WMH (yellow arrow) was connected with multiple
tubes. (C) Type 3, insular WMH (yellow arrow) without PVS
connection. PVS, perivascular space; WMH, white matter
hyperintensity.

Mann-Whitney U test was used to compare the degree
of PVS dilatation between subjects with and without
WMHs. In table 1, one-way analysis of variance was used
to compare age among three groups. Chi square test or
Fisher’s exact test was applied to compare the difference
between categorical variables.
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Figure 5 Comparison of CSO-PVS scores among subjects
without, with <5and with >5 WMLs. *indicates p<0.05. The
results are showed as means+SEM. CSO-PVS, centrum
semiovale-perivascular space; WMLs, white matter lesions.

RESULTS

Demographics

Thirty-two patients with WMHs (13 females; Mean age+SD
44.03+6.41 years; range 33-58 years) were enrolled in this
study, in which 16 patients had <5 WMLs and 16 patients
had >5 WMLs. Sixteen subjects without WMHs (6 females;
Mean age+SD 42.75+6.26 years; range 33-54 years) were
recruited as the control group. Baseline clinical char-
acteristics are presented in table 1. In the patients with
WMHs, the total number of WMHs in these subjects was
196.Baseline characteristics were not statistically different
among patients with <5 WMLs, patients with >5 WMLs
and controls without WMLs.

Comparison of burden of PVS between subjects with and
without dWMHs

Patients with >5 WMLs (n=16) showed higher CSO-PVS
scores (median 3) than subjects (n=16) without WMHs
(median 2) (Z=-2.794, p=0.014) (figure 5). No statistically

Table 1 Baseline characteristics of patients with WMHs and controls without WMHs

Patients with WMHs
Category <5WMLs (n=16) >5WMLs (n=16) Controls (n=16) P value
Age (mean+SD, year) 44.06+6.13 44.00+6.89 42.75+6.26 0.81
Female, n (%) 7 (43.8) 6 (37.5) 6 (37.5) 0.917
Current smoker, n (%) 3(18.8) 3(18.8) 2 (12.5) 1
Alcohol user, n (%) 0 (0.0 1(6.3) 3(18.8) 0.304
Hypertension, n (%) 1(6.3) 3(18.8) 2(12.5) 0.859
Diabetes mellitus, n (%) 0 (0.0) 0 (0.0) 1(6.3) 1
Hyperlipidaemia, n (%) 2 (12.5) 5(31.3) 3(18.8) 0.556
Lacunes, n(%) 0(0.0) 3(18.6) 0(0.0) 0.097
CMBs, n(%) 1(6.3) 1(6.3) 0 (0.0) 1

CMBs, cerebral microbleeds; WMH, white matter hyperintensity; WML, white matter lesion.
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significant difference in BG-PVS scores (Z=-1.791,
p=0.381) was found between subjects without WMHs and
patients with>5 WMLs. No statistically significant differ-
ence in CSO-PVS scores (Z=-0.314, p=0.809) and BG-PVS
scores (Z=-0.000, p=1.000) were found between subjects
without WMHs and patients with <5 WMLs.

Comparison of PVS dilatation and number between NAWM
surrounding dWMHs and contralateral reference sites
Thirty-two dWMHs were excluded because dWMHs
were also present at the contralateral reference sites.
Finally a total of 164 dWMHSs were used for the analysis.
The number of PVS and the degree of PVS dilatation
were rated by two raters who showed good consistency
(ICC=0.86, ICC=0.90). The degree of PVS dilatation in
NAWM around dWMH was higher than that at refer-
ence sites in the contralateral hemisphere (Z=-5.488,
p<0.001, see table 2). As well, there was a significantly
higher degree of PVS number in NAWM around dWMH
compared with that at reference sites in the contralateral
hemisphere (Z=-7.184, p<0.001, see table 3).

The spatial relationship between dWMHs and PVS

In this study, we observed that some WMHs were spatially
connected to PVS. So we further investigated the spatial
relationship between dWMHs and PVS. There were 196
dWMHs used for the analysis of the spatial relationship
between dWMHs. The two raters showed good consist-
ency (Kappa=0.7). We found 79.59% dWMHs were
spatially connected with one or more PVS tubes. In
these 196 dWMHs, 143 dWMHs (72.95%) were topologi-
cally connected with a single PVS tube, 13 (6.63%) were
topologically connected with multiple PVS tubes and 40
dWMHs (20.40%) were not connected to any PVS.

DISCUSSION

In the current study, we found strong topological rela-
tionship among dWMH, NAWH around dWMH and PVS
in the early stage of CSVD. The PVS burden in centrum
semiovale was higher in patients with >5 dWMHs than
in subjects without WMH. We also found most punctate

Table 2 The degree of PVS dilatation in NAWM
surrounding dWMH and reference site

Reference site

N(%) 0 1 2 Total
dWMH

0 0(0.0%) 2 (100%) 0 (0.0%) 2

1 3(3.2%) 85(91.4%) 5(5.4%) 93

2 3(4.5%) 39(59.1%) 24(36.4%) 66

3 0 (0.0%) 1(33.3%) 2(66.7%) 3
total 6 127 31 164

dWMH, deep white matter hyperintensity; NAWM, normal-
appearing white matter; PVS, perivascular space.

dWMH were spatially connected with PVS, and the degree
of dilatation and the number of PVS in the NAWM
surrounding dWMH were higher than that at reference
sites in the contralateral hemisphere.

Previous study has shown association between increased
dilated PVS in white matter and DWMH volume.'” In this
7T MRI study, we also found that the number of dWMHs
was related to the burden of PVS in centrum semiovale,
but not with the burden of PVS in basal ganglia. Recently,
a study found that most deep WMHs were topologically
connected with PVS.** In our study, we found 79.59%
dWMHs were spatially connected with one or multiple
PVS tubes in patients with punctuate DWMHs who is in
the early stage of CSVD in 7T MRI. These data indicated
that PVS were associated with WMHs and the mechanisms
underlying the development of MRI-visible PVS may
differ in different brain regions.

The increased SNR and spatial resolution of the 7T 3D
T2-weighted sequence could discern more PVS.* We eval-
uated the degree of PVS dilatation and the number of PVS
around the WMH in three directions (sagittal, coronal
and axial) by a four-point rating scale and a six-point
rating scale respectively. In practice, we found that the
PVS number differs in three directions. Then we defined
the PVS count score as the sum of the PVS number in

Table 3 The degree of PVS number in NAWM surrounding dWMH and reference site

Reference site

N(%) O 1 2 4 5 Total
dWMH

0 0 (0.0%) 2 (100%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 2

1 5 (8.9%) 48 (85.7%) 3 (5.4%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 56

2 1 (1.4%) 40 (55.6%) 27 (37.5%) 4 (5.6%) 0 (0.0%) 0 (0.0%) 72

3 0 (0.0%) 7 (30.4%) 14 (60.9%) 2 (8.7%) 0 (0.0%) 0 (0.0%) 23

4 0 (0.0%) 2 (25.0%) 2 (25.0%) 4 (50.0%) 0 (0.0%) 0 (0.0%) 8

5 0 (0.0%) 0 (0.0%) 1 (33.3%) 0 (0.0%) 1 (33.3%) 1 (33.3%) 3
Total 6 99 47 10 1 1 164

dWMH, deep white matter hyperintensity; NAWM, normal-appearing white matter; PVS, perivascular space.
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three directions to reflect the overall load of PVS around a
certain WMH. Moreover, we minimised the confounding
by comparing WMH to a reference site within the same
individual, as the number and morphology of PVS might
differ in different individuals. And we found the degree
of PVS dilatation and the number of PVS in the NAWM
surrounding dWMH was higher than that at reference
sites in the contralateral hemisphere.

Previous studies have suggested that decreased CBF
and BBB disruption participated in the pathogenesis of
WMH and NAWM closer to the WMH."* 2> In a study
using rodent models, early BBB breakdown can result
in a significant increase in the number of dilated PVS
in the white matter, suggesting that BBB breakdown
can result in increased fluid in the PVS.*? In the human
study, impaired BBB was also associated with the number
of enlarged PVS.*” As BBB disruption might involve in
the pathogenesis of WMH, NAWM and dilated PVS, we
speculate that dilated PVS in the NAWM surrounding
WMH might be due to the increased blood-brain-barrier
leakage. The serum protein extravasation can accumulate
in the perivascular tissues due to BBB disruption, which
might result in less clearance of waste proteins from the
interstitial fluid space.” ** The dilated PVS may play a
role in the vicious cycle in BBB disruption and ultimately
impaired the waste proteins clearance from the intersti-
tial fluid space, resulting in accumulation of toxins and
tissue damage, finally leading to the formation of WMH.”!

However, our study also has limitations. First, this study
is an explorative study, and the sample size was compar-
atively small, while the number of WMHs in our popula-
tion was still substantial. Second, we did not quantitatively
assess the diameter and volume of PVS. Thirdly, we
didn’t quantify the BBB disruption in WMH and NAWM
surrounding WMH. Previous studies have demonstrated
that BBB disruption participated in the pathogenesis of
WMH and NAWM closer to the WMH."****® In the future
study, measurements of the BBB disruption in WMH and
NAWM would be useful to further investigate the relation-
ship between MRI-visible PVS and NAWM surrounding
WMH.

CONCLUSION

In conclusion, we found a topographical association
among dWMH, NAWM surrounding WMH, and MRI-
visible PVS. This may broaden our insight in the patho-
physiology underlying WMH and NAWM surrounding
WMH. Further investigation into NAWM surrounding
WMH in CSVD should consider the role of MRI-visible
PVS and dynamically follow-up the spatial relationships of
dWMH, NAWM surrounding WMH and MRI-visible PVS.
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