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Background and purpose: Little is known about the structural alterations within gray matter
(GM) in middle-aged subjects with white matter hyperintense (WMH) lesions. Here, we aimed
to examine the anatomical changes within the GM and their relationship to WMH lesion loads
in middle-aged subjects.

Participants and methods: Twenty-three middle-aged subjects with WMH lesions (WMH
group) and 23 demographically matched healthy control subjects participated in the study.
A Diffeomorphic Anatomical Registration Through Exponentiated Liealgebra-enhanced voxel-
based morphometry was used to measure the GM density, and the correlations between WMH
lesion volume and extracted GM values in abnormal regions were identified by voxel-based
morphometry analysis.

Results: Compared with the healthy control subjects, the WMH group had a significantly
decreased GM density in the left middle frontal gyrus, bilateral anterior cingulate cortex, left and
right premotor cortex, and left and right middle cingulate cortex and an increased GM density
in the bilateral cerebellum anterior lobe, left middle temporal gyrus, right temporoparietal
junction, left and right prefrontal cortex (PFC), and left inferior parietal lobule. A relationship
was observed between the normalized WMH lesion volume and the decreased GM density,
including the left middle frontal gyrus (p=—0.629, P=0.002), bilateral anterior cingulate cortex
(p=—0.507, P=0.019), right middle cingulate cortex (p=—0.484, P=0.026), and right premotor
cortex (p=—0.438, P=0.047). The WMH lesion loads also negatively correlated with increased
GM density in the right temporoparietal junction (p=—0.484, P=0.026), left PFC (p=—0.469,
P=0.032), and right PFC (p=-0.438, P=0.047).

Conclusion: We observed that lesion load-associated structural plasticity corresponds to
bidirectional changes in regional GM density in the WMH group.

Keywords: white matter hyperintense lesion, voxel-based morphometry, normal-appearing
gray matter, aging

Introduction

White matter hyperintensities (WMHs) of presumed vascular origin are a common
finding in brain T -weighted imaging (T,WI) and fluid attenuated inversion recovery
(FLAIR) imaging in older individuals and in patients with dementia and stroke
and can be considered cognitive impairment-related features.'? In aging, numerous
neuroimaging studies have shown that WMH is associated with neuronal loss, demy-
elination, and gliosis on neuropathologic examination® and have been linked to cerebral
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hypoperfusion* and reduced WM integrity.’ However, in fact,
WMH is not very common in the healthy middle-aged brain.
Furthermore, it is unknown whether earlier compromised den-
sity abnormalities of normal-appearing gray matter (NAGM)
or the underlying pathology responsible for the WMH lesions
produces subtle changes in NAGM, which are invisible on
conventional magnetic resonance imaging (MRI).

Morphological changes in gray mater have been identified
in aging® and Alzheimer’s disease’ using a Diffeomorphic
Anatomical Registration Through Exponentiated Liealgebra
(DARTEL)-enhanced voxel-based morphometry (VBM) anal-
ysis of high-resolution T -weighted images (T, WI). DARTEL-
enhanced VBM has been demonstrated to provide improved
anatomical precision in measuring the relative amount (or
“density”) of gray matter (GM).® The goal of the present study
was, thus, to investigate the total GM volume and regional
GM density alterations in WMH subjects and compare then to
healthy middle-aged brains without WMH. We hypothesized
that the density abnormalities in NAGM are influenced by the
presence of WMH in middle-aged subjects (WMH group) (the
flowchart of analysis shown in Figure 1).

Participants and methods

Subjects

This study was performed according to the approved guide-
lines of the Medical Research Ethics Committee and the
institutional review board of the First Affiliated Hospital of
Nanchang University and was conducted in compliance with

- >

FLAIR image WMH lesion load

the principles of the Declaration of Helsinki. Written informed
consent was obtained from all subjects in the study.

Participants were randomly recruited based on the pres-
ence of a WMH finding in T,WI and FLAIR imaging from
August 2012 to July 2014. All participants with WMH were
sporadic cases undergoing a health examination at the First
Affiliated Hospital of Nanchang University. The inclusion
criteria were as follows: 1) age from 45 years to 59 years;
2) predominantly local community individuals who agreed to
follow-up with cognitive and other medical tests; and 3) no
history of neurologic and laboratory screening. The exclusion
criteria were as follows: 1) a probable Alzheimer’s disease
diagnosis; 2) history of overt stroke (cortical infarcts), hyperten-
sion (systolic >140 mmHg or diastolic >90 mmHg), diabetes,
small vessel disease, and the notch-3 mutation in those with
suspected cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADASIL) as
determined by testing; 3) cognitive irregularities; or 4) unsafe
for an MRI scan. All healthy control subjects (HCSs) demo-
graphically matched by sex, age, and education level were
recruited from the local community and lacked a history of
neurological or psychiatric disorders. Finally, 23 middle-aged
subjects with WMH (WMH group) and 23 well-matched HCS
participants were chosen for the study.

MRI scan protocol
All MRI scans were performed on a 3-TeslaTrio MR imaging
scanner system (Trio Tim; Siemens Medical Systems,

Group comparison of
GM density

' Relationship between altered GM
density and WMH lesion load

Figure | Flowchart of density analysis of normal-appearing gray matter in the healthy middle-aged brain with white matter hyperintense (WMH) lesion.

Notes: (1) High-resolution T WI was segmented into gray matter (GM), white matter (WM), cerebrospinal fluid (CSF), and nonbrain tissue individual space; (2 and 3) to
calculate the GM fraction, WM fraction, and brain parenchymal fraction (BPF) in individual space for group comparison; (4 and 5) then, the segmented tissue was normalized
to the Montreal Neurological Institute (MNI) space, smoothed with a 6 mm full-width—half-maximum for group comparison in voxel level. (6) WMH lesions were scored in
FLAIR images, then we calculated the WMH lesion load, including WMH scores and lesion volume. (7) Finally, partial correlation analyses for a relationship between WMH

lesion load and extracted GM density value in altered regions.

Abbreviations: T WI, T -weighted imaging; FLAIR, fluid attenuated inversion recovery.
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Erlangen, Germany). Patients received a conventional MRI
(including T, WI) for diagnosis and FLAIR imaging for
radiological evaluation as well as high-resolution T WI
for DARTEL-enhanced VBM analysis. The main imaging
sequences are as follows: 1) Turbo spin echo imaging sequence
for T,WI scans: repetition time/echo time =5,100/117 ms,
field of view =240x240 mm, matrix =416x416, number of
excitations =3, and echo train length =11, 22 axial slices
with 6.5 mm thickness; 2) FLAIR imaging: repetition
time/echo time/inversion time =7,000/79/2,500 ms, 50 slices,
240217 matrix, 0.43x0.43x2 mm?® voxels, and 3 minutes
42 seconds; and 3) three-dimensional high-resolution
T, WI: repetition time/echo time =1,900/2.26 ms, field of
view =215x230 mm, matrix =240x256, number of excita-
tions =1, 176 sagittal slices, and 1.0 mm thickness.

Structural image processing
DARTEL-enhanced VBM was analyzed using statistical
parametric mapping (SPMS8, http://www.fil.ion.ucl.ac.uk/

spm) running on Matlab 2014b (Mathworks, Inc., Natick,
MA, USA). The preprocessing included the following steps:
1) high-resolution T ,WI was realigned and then manually
reoriented so that the anterior commissure was positioned
at coordinate [0, 0, 0]. 2) Then, nonbrain tissue pixels were
removed from the reoriented T, WI, and brain tissues were
then segmented into GM, WM, and cerebrospinal fluid (CSF)
in native space. 3) To adjust for head size, GM and WM
were normalized by individual intracranial volume (ICV;
where ICV = GM + WM + CSF) as the GM fraction and
WM fraction for group comparison, respectively. In addition,
the brain parenchymal fraction (BPF) was the ratio of brain
parenchymal volume to the ICV (BPF = [GM + WMJ/ICV),
and it was used to calculate brain atrophy. 4) To improve
registration accuracy, the DARTEL algorithm was used
to create a group-specific template and calculate the indi-
vidual nonlinear transformation to this template in SPM8.}
5) Then, each participant’s GM image was transformed from
each native to the Montreal Neurological Institute space.
6) Finally, the resulting normalized images were smoothed
with a 6 mm full-width—half-maximum Gaussian kernel.
After spatial preprocessing, the normalized and smoothed
GM data sets were subjected to statistical analysis.

Measurement of WMH

WMH scores

WMH lesions were scored in FLAIR images using the
Age-Related White Matter Changes (ARWMC) scale
(range 0-30).”!° The ARWMC records five different regions
(frontal, parieto-occipital, temporal, infratentorial area, and basal

ganglia) from the right and left hemispheres and uses a 4-score
range (0-3). To ensure the reliability of the measurements, one
expert neuroradiologist (FZ) performed all of the ratings after
training on a standard data set. Another senior neuroradiologist
(HG) cross-checked a random sample of 30% of ratings.

Volumetric assessment

The procedure for the volumetric measurement of WMH
lesions has been previously described.!!'? The main process
includes: individual WMH lesions were manually delineated
on the FLAIR images (FZ), and the lesion faction was the
ratio between the lesion volume of individual space and the
ICV. Then, we obtained a binary lesion mask normalized to
Montreal Neurological Institute space to remove the head
size for lesion volume calculation, which was remeasured
on two separate occasions (at least three months apart) for
quality control. The interrater reliability was 92.3%.

Statistical analysis

To determine whether there were significant differences in
density abnormalities of NAGM between the groups, the
normalized and smoothed GM image segments from each
group were entered into a general linear model implemented
in SPMS8. A one-way analysis of covariance with age, sex,
and education level as covariates was performed, followed
by post hoc two-sample #-tests. Our statistical threshold was
P<0.05 (false discovery rate corrected).

A two-sample z-test was performed to compare the group
differences in age, sex, normalized WM volume, normalized
GM volume, and BPF using Statistical Product and Service
Solutions Version 13.0 (SPSS Inc., Chicago, IL, USA).

We assessed the relationship between WMH lesion load
and GM density values extracted in abnormalities from the
NAGM in the WMH group by partial correlation analysis
in SPSS, with age, sex, and education level as covariates of
no interest. The threshold was set at a significance level of
P<0.05 and was corrected for multiple comparisons using
the Bonferroni correction.

Results

Clinical data and WMH lesion
characteristic

We reported 23 subjects in the WMH group and a well-
matched HCS group, and the two groups had a similar
education level and handedness (Table 1).

Density abnormalities of NAGM
DARTEL-enhanced VBM analysis revealed that the WMH
group had a significant GM density decrease in brain regions,
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Table | Description of demographic and clinical characteristics of WMH and HCS groups

Characteristic WMH group (n=23) HCS (n=23) t (P) values
Age (year) 53.61+4.74 52.87+4.62 0.535 (0.595)
Sex (male/female) 9/14 9/14 >0.99
Education (year) 12.56+3.93 12.13£3.60 0.697
Handedness, right/left 23/0 23/0 -

BMI (kg/m?) 22.65+1.30 23.00+1.28 0.365

MMSE 29.26+1.21 29.69+0.76 0.153

BPF 0.801+0.031 0.803+0.024 0.778

WM fraction 0.338+0.012 0.337£0.019 0.858

GM fraction 0.463+0.031 0.466+0.030 0.727

WMH scores (ARWMC) 6.70+4.95 - -

Lesion volume (mL)* 3.665+1.589 - -

Lesion fraction 0.00273£0.001 19

Notes: Values shown are mean =* standard deviation unless noted otherwise. Lesion volume was calculated in “Montreal Neurological Institute” space. — Indicates data not

available or not reported; * indicates the measurement in individual raw space.

Abbreviations: WMH, white matter hyperintense; HCS, healthy control subjects; BMI, body mass index; MMSE, Mini-Mental State Examination; BPF, brain parenchymal
fraction; WM, white matter; GM, gray matter; ARWMC, age-related white matter changes.

including the left middle frontal gyrus (MFG), bilateral
anterior cingulate cortex (ACC), left premotor cortex (PMC),
left middle cingulate cortex (MCC), right MCC, and the
right PMC, which had the highest negative value (Figure 2
and Table 2). The WMH group also had a significant GM
increase in brain regions, including the bilateral cerebellum
anterior lobe (CAL), left middle temporal gyrus, right tem-
poroparietal junction (TPJ), left inferior parietal lobule (IPL),
left prefrontal cortex (PFC), and right PFC, which had the
highest positive value (Figure 2 and Table 2).

The relationship between the WMH

lesion load and the density abnormalities
of NAGM

In the WMH group, partial correlation analyses of the WMH
lesion volume, WMH score (ARWMC), and the regional
density abnormalities of NAGM revealed significant group

differences. Only the decreased GM densities in the left MFG
(p=—0.629, P=0.002), bilateral ACC (p=—0.507, P=0.019),
right MCC (p=—0.484, P=0.026), and right PMC (p=—0.438,
P=0.047) were negatively correlated with lesion fraction.
Increased GM densities in the right TPJ (p=—0.484, P=0.026),
left PFC (p=-0.469, P=0.032), and right PFC (p=-0.438,
P=0.047) were negatively correlated with lesion fraction
(Figure 3). By contrast, no significant relationship was found
between the WMH score (ARWMC) and the altered regional
density of NAGM (P: 0.210-0.878) for the middle-aged
subject with WMH (Table S1).

Discussion

We showed regional alterations in GM density in the WMH
group and significant correlations between WMH lesion
fraction and extracted GM density values in abnormal regions
identified by DARTEL-enhanced VBM analysis. Together,

Gray matter abnormalities in the middle-aged brain with WMH

Figure 2 Gray matter density difference compared using voxel-based morphometry in the WMH and HSC groups (P<<0.05, False discovery rate [FDR] corrected),

superimposed on a standard gray matter image.

Notes: Yellow—red and cyan—blue colors denote increased and decreased gray matter densities in the healthy middle-aged brain with WMH, respectively.
Abbreviations: WMH, white matter hyperintense; HSC, healthy control subject; ACC, anterior cingulate cortex; CAL, cerebellum anterior lobe; MFG, middle frontal gyrus;
MTG, middle temporal gyrus; TPJ, temporoparietal junction; R, right; PFC, prefrontal cortex; MCC, middle cingulate cortex; IPL, inferior parietal lobule; PMC, premotor

cortex; L, left.
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Table 2 Brain areas with regional gray matter changes in the WMH group

Anatomical location

Brodmann area

MNI space (X, Y, Z in mm)

Cluster size (voxels)

Peak values (t)

WMH < HCS
IMFG
bACC
IPMC
IMCC
rMCC
rPMC

WMH > HCS
bCAL
IMTG
rTP)

IPFC
rPFC
IIPL

47, 11
23,24
6
23
23
6

20, 38
41, 48
8,9
8,9
40

(-33,39,-3)
(0,-9,27)
(-21,-12, 42)
(-12,-27, 33)
(9, —24, 36)
@7, -12, 42)

(-3, -48, -33)
(-39, 3, -30)
(48, —36, 24)
(-15, 42, 21)
(18, 24, 42)
(~36, -36, 33)

62
72
131
80
62
11

52
60
74
86
58
52

-5.89
-8.12
—6.40
-8.47
-8.40
-9.89

6.41
7.98
7.28
7.31
8.18
4.95

Abbreviations: WMH, white matter hyperintensity; MNI, Montreal Neurological Institute; HCS, healthy control subjects; |, left; MFG, middle frontal gyrus; b, bilateral; ACC,
anterior cingulate cortex; PMC, premotor cortex; MCC, middle cingulate cortex; r, right; CAL, cerebellum anterior lobe; MTG, middle temporal gyrus; TPJ, temporoparietal

junction; PFC, prefrontal cortex; IPL, inferior parietal lobule.
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GM density

Left middle frontal gyrus

p=-0.629
L P=0.002
n=23

0.0 0.001 0.002 0.003 0.004 0.005 0.006

Normalized WMH lesion volume

O

0.14

GM density

0.08

Right premotor cortex

p=-0.438
. P=0.047
. n=23

0.0 0.001 0.002 0.003 0.004 0.005 0.006
Normalized WMH lesion volume

B Bilateral anterior cingulate cortex C

GM density

m

GM density

G

GM density

p=-0.507
P=0.019
n=23

0.25

0.0 0.001 0.002 0.003 0.004 0.005 0.006
Normalized WMH lesion volume

Left prefrontal cortex
. p=-0.469
0.2 P=0.032
0.20 . n=23
0.18
0.16
0.14
0.12
0.10
0.0 0.001 0.002 0.003 0.004 0.005 0.006
Normalized WMH lesion volume
Right temporoparietal junction
. p=-0.484
. P=0.026
0.30 =23
0.27
0.24
0.21
0.18

0.0 0.0010.002 0.003 0.004 0.005 0.006

Normalized WMH lesion volume

GM density

GM density

0.14

0.08

Right middle cingulate cortex

p=-0.484
P=0.026
n=23

0.0 0.001 0.002 0.003 0.004 0.005 0.006
Normalized WMH lesion volume

Right prefrontal cortex

p=-0.438
. P=0.047
° n=23

0.0 0.001 0.002 0.003 0.004 0.005 0.006
Normalized WMH lesion volume

Figure 3 Relationship between normalized WMH lesion volume and extracted GM density values in abnormal regions identified by voxel-based morphometry analysis.

Notes: Significantly negative correlations were found between the normalized WMH lesion volume and the GM density of left middle frontal gyrus (A), bilateral anterior
cingulate cortex (B), right middle cingulate cortex (C), right premotor cortex (D), left prefrontal cortex (E), right prefrotal cortex (F) and right temporoparietal junction (G).
Abbreviations: WMH, white matter hyperintense; GM, gray matter.
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these findings suggest that during WM demyelination and
axonal degeneration, the structural plasticity of GM responds
to WMH lesion load.

Decreased GM density indicates
structural atrophy in NAGM

Our primary findings were significant decreases in GM
density in various brain regions, including the left MFG,
bilateral ACC, and left and right MCC, and left and right
PMC. In the case of the left MFG, bilateral ACC, and left
MCC, these regions had a reduced GM density that was
related to the severity of the WMH lesion load. These regions
with structural atrophy are primarily involved with cognitive
(MFG and ACC) and motor (MCC and PMC) functions. GM
density reductions have been demonstrated in healthy aging
in the MFG and are associated with age-related declines in
memory.*!*15 Age-related decrease in functional connectivity
in the ACC has also been demonstrated in middle-aged
normal adults and correlates with age-related cognitive
decline in normal subjects.'* The ACC contributes to higher
order cognitive processes but is susceptible to WMH-related
GM loss,'” and its atrophy potentially contributes to important
aspects of cognitive decline. In aging studies, the MCC also
frequently shows GM loss.'* The MCC and the PMC are
involved in motor function, and age-related motor function
decline has been recognized.'*?° These findings demonstrate
that regional cortical thinning occurs in middle-aged subjects
with WMH.

Bunce et al*! reported that cognitive deficits were associated
with WMH in a community sample aged 4448 years but that
WMH seems to reverse these deficits in depression and demen-
tia. Although we observed a WMH lesion-related decrease in
GM density in the WMH group, these subjects did not report
adecline in cognition. The finding of decreased GM density in
the left MFG, bilateral ACC, left and right MCC, and left and
right PMC is earliest and most easily effected cortical structures,
and these structures show age-related deterioration in elderly
participants. A WMH lesion is an important sign indicating
regional GM atrophy in NAGM in middle-aged subjects.

Increased GM density indicates a

structural reconstruction in NAGM

Our results suggest a significantly increased GM density in
brain regions, including the bilateral CAL, right TPJ, left middle
temporal gyrus, left and right PFC, and left IPL. The CAL
is the portion of the cerebellum responsible for mediating
unconscious proprioception. The TPJ is an “association area”
that integrates information from the external environment
and within the body and incorporates information from the

thalamus and the limbic system, as well as from the sensory
system.?? In this study, the area of the PFC with increased GM
density was near a region with reduced GM density, and this
PFC area exhibits cognitive and executive functions. The IPL
is part of the default-mode network, which is involved in the
perception of emotions in facial stimuli and the interpretation
of sensory information.”** Qur study found GM regions with
density increase near the area with the most serious damage,
which reflects structural plasticity during adaptation to the
environment. Cerebral plasticity includes neurodegeneration
and structural reconstruction. Very interestingly, neurode-
generation coexists with GM reconstruction, which may be a
compensatory mechanism in a brain region with mild damage.
If confirmed, this finding could be used to help prevent aging-
related degeneration. Moreover, structural reconstruction of
the age-related cortex has been rarely reported, so this study
should provide opportunities to improve understanding of the
pathogenetic mechanism of age-related small vessel disease.

We also observed a negative association between WMH
and increased GM density in the right TPJ, left PFC, and
right PFC. Earlier pathology reports focused on demyelina-
tion and axonal loss in WMH and described the changes as
“ischemic”.>* Extensive WMH was also associated with a
reduced density of glia and vacuolation, a loosening of the
WM fibers, and myelin loss. According to previous studies,
an increased GM density could correspond to slight structural
damage,? learning, or training.?’ In the present study, a
lesion load-related increase in regional GM density in the
WMH group suggests a possible explanation for cortical GM
remodeling. The increased GM density could be triggered by
mild white matter damage (WMH lesion). The increased GM
density in the earliest stages of WMH development could
provide important opportunities to prevent (or even reverse)
brain damage during middle age and prevent its consequences
in cognitive, motor function, and even dementia.

Only middle-aged subjects with slight WMH lesion loads
were recruited in the DARTEL-enhanced VBM analysis of
this study, and these participants did not have any cognitive
disorders. Thus, we were unable to investigate associations
between GM density measures and cognition. Additionally,
our sample size was small, which precluded our ability
to perform analyses on additional patient differences, for
example, regional WMH distribution in topological space and
correlations with regional GM density abnormalities. Finally,
we did not perform a longitudinal analysis of GM density.

Conclusion
This study demonstrates WMH-related reductions in GM
density and increased GM densities in NAGM as well as a
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relationship between lesion loads and bi-directional changes
in regional GM density in a WMH group. Longitudinal
noninvasive neuroimaging approaches may help explain
how and why the progression of WMH lesions contributes
to cognitive or motor changes.
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Table SI Partial correlation of WMH parameter and extracted GM density values in abnormal regions identified by VBM analysis

(o/P-values)
Lesion volume Lesion fraction WMH scores

IMFG —0.642/0.002* —0.629/0.002* —0.236/0.303
bACC —0.435/0.049%* —0.507/0.019** —0.036/0.878
IPMC —0.205/0.372 —0.264/0.247 —0.075/0.747
IMCC —0.416/0.061 —0.425/0.055 —0.042/0.857
rMCC —0.480/0.028** —0.484/0.026** —0.122/0.600
rPMC —0.385/0.085 —0.438/0.047** —0.051/0.825
bCAL —0.338/0.134 —0.365/0.104 —0.136/0.557
IMTG 0.187/0.405 0.145/0.520 0.417/0.053
rTP) —0.453/0.039** —0.484/0.026** —0.101/0.663
IPFC —0.467/0.033** —0.469/0.032** —0.285/0.210
rPFC —0.385/0.085 —0.438/0.047+* —0.051/0.825
IIPL —0.124/0.593 —0.158/0.493 0.117/0.614

Notes: *P<0.01. **P<0.05.

Abbreviations: WMH, white matter hyperintense; GM, gray matter; VBM, voxel-based morphometry; |, left; MFG, middle frontal gyrus; b, bilateral; ACC, anterior cingulate
cortex; PMC, premotor cortex; MCC, middle cingulate cortex; r, right; CAL, cerebellum anterior lobe; MTG, middle temporal gyrus; TPJ, temporoparietal junction; PFC,

prefrontal cortex; IPL, inferior parietal lobule.
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