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Abstract

Our purpose is to evaluate the microstructural and metabolism property in the white matter that later become white
matter hyperintensity (WMH), and of WMH that later disappeared. Forty subjects with two-year follow-up were
included. Each subject had 3DTI, T2FLAIR, DTl and FDG-PET scans. White matter was classified into: constant
WMH, growing WMH, shrinking WMH and normal appearing white matter (NAWM). The average DTI (FA and MD)
and FDG-PET (standardized FDG-PET rSUV) of each of the above-mentioned region were extracted and compared.
At baseline, the growing WMH had lower FA and FDG-PET rSUV than NAWM, but had higher FA than the constant
WMH. Longitudinally, in NAWM, there was a more rapid decline in metabolism compared to WMH areas, while in the
growing WMH, a progression in diffusion was found. Finally, we discovered that the shrinking WMH had a similar
microstructural and metabolism property and progression to the constant WMH. Our results suggest there are dynamic
changes in microstructural and metabolism in WMH. The metabolic change was mainly found in NAWM, while the
microstructural change was mainly found in WMH region. Besides, the reduced volume in WMH, to a larger extent, is

irrelevant to the microstructural or metabolism recovery.
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Introduction

White matter hyperintensities (WMH) are a marker
of cerebral small vessel disease (CSVD). It is highly
prevalent among the elderly. WMH progression is asso-
ciated with cognitive decline and increased risk of
stroke or even mortality.! But until now, the mechan-
isms underlying normal appearing white matter
(NAWM) developing into white matter hyperintensity
are still not fully understood. In previous studies, the
progression of WMH is usually presented as volumetric
changes between two time points.”> Histopathologically,
the progression of WMH is associated with disruption
of white matter microstructural integrity, demyelin-
ation, axon loss, arteriolosclerosis and capillary loss.
Besides, reduced glucose uptake in white matter has
also been attributed to neuroglial dysfunction.® But
less is known about the precise microstructural and
metabolic changes in the NAWM that later progressed

into WMH (referred as ““the growing WMH”). By lon-
gitudinally examining the diffusion and metabolic prop-
erty in the growing WMH and comparing it with that
of NAWM and the WMH area that is stable during the
entire follow-up (constant WMH), we may have a
better understanding of the underlying mechanisms of
WMH growth.

Furthermore, several recent studies have demon-
strated that the progression of WMH may be more
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dynamic than we previously realized, showing that there
could be a regression in WMH volume, which referred to
WMH areas that later became NAWM (referred as
“shrinking  WMH”).*> Some longitudinal studies
reported negative WMH volume growth, or the range
of their WMH progression included negative value. But
these studies made no comment on such discoveries and
made no further attempt to discover the nature of these
shrinking WMH.®’ Since volumetric analysis alone
cannot solve these problems, analyzing the microstruc-
tural changes and metabolism changes in these shrinking
WMH may provide more insight into its nature.

In view of these gaps, our study sought to compare
the WMH areas between initial scan and two-year
follow-up scan, identified growing WMH, shrinking
WMH, constant WMH and NAWM. We further ana-
lyzed the differences in microstructure and metabolism
between these areas in different time points. Our first
goal is to examine the microstructural and metabolism
changes in growing WMH and provide insight into the
mechanisms and the pattern of WMH development
from MAWM to growing WMH then to constant
WMH. Second, we aimed to examine the microstruc-
tural and metabolism alteration in the shrinking WMH
and help determine its nature.

Methods
Alzheimer’s disease neuroimaging initiative

Dataset used in this study was obtained from the
Alzheimer’s disease Neuroimaging Initiative (ADNI)
database (adni.loni.usc.edu). The ADNI was launched
in 2003 by the National Institute on Aging (NIA),
the National Institute of Biomedical Imaging
and Bioengineering (NIBIB), the Food and Drug
Administration (FDA), private pharmaceutical compa-
nies and non-profit organizations, as a $60 million, five-
year public—private partnership. The primary goal
of ADNI has been to test whether serial magnetic
resonance imaging (MRI), positron emission tomog-
raphy (PET), other biological markers, and clinical
and neuropsychological assessment can be combined
to measure the progression of mild cognitive impair-
ment (MCI) and early Alzheimer’s disease (AD).
Determination of sensitive and specific markers of
very early AD progression is intended to aid researchers
and clinicians in developing new treatments and moni-
tor their effectiveness, as well as lessen the time and cost
of clinical trials.

Subjects

This study was approved by the Institutional Review
Boards of all of the participating institutions and

informed written consent was obtained from all partici-
pants at each site. Currently, the ADNI study includes
59 acquisition sites which can be viewed in detail at this
web site: adni.loni.usc.edu/about/centers-cores/study-
sites/. The PI of each site is responsible of communica-
tions with IRB. The detailed requirement of each site
to begin the screening can be found at http://adni.loni.
usc.edu/wp-content/uploads/2008/07/adni2-procedures-

manual.pdf. All procedures performed in studies invol-
ving human participants were in accordance with the
ethical standards of the institutional and/or national
research committee and with the 1975 Helsinki
Declaration and its later amendments. Imaging data
and neuropsychological assessment data for each sub-
ject were gathered at two time points (baseline and two
years follow-up). Using the ADNI GO and ADNI 2
databases, 40 subjects including 5 AD, 16 MCI
and 19 cognitive intact elderly were identified in June
2017. According to ADNI manual, diagnosis of the AD
was made if the subject had an mini-mental state exam-
ination (MMSE) score between 24 and 26 (inclusive), a
clinical dementia rating (CDR) of 0.5 or 1.0, and meets
NINCDS/ADRDA criteria for the AD. Individuals
who were classified as amnestic MCI had an MMSE
score between 24 and 30 (inclusive), a memory com-
plaint, objective memory loss measured by Wechsler
Memory Scale Logical Memory II, a CDR of 0.5,
while essentially preserved activities of daily living
and non-demented. On the other hand, all normal con-
trol individuals met the following criteria: an MMSE
score between 24 and 30 (inclusive), a CDR of 0, non-
depressed, non-MCI, and non-demented. The age range
of normal subjects will be roughly matched to that of
MCI and AD subjects with minimal enrollment under
the age of 70. For up-to-date information, see www.
adni-info.org. The subject inclusion and exclusion
steps are shown in Figure 1.

MRI acquisition

All MR image data were downloaded from the ADNI
site in the raw DICOM format. PET image data were
preprocessed on the ADNI site (detailed below). All par-
ticipants were scanned using a 3.0-Tesla MRI scanner.
The 3D MPRAGE T1-weighted sequence was acquired
using the following parameters: repetition time (TR)=
2300 ms; echo time (TE) =2.98 ms; inversion time (T1) =
900ms; 170 sagittal slices; within plane FOV =256 x
240 mm?; voxel size=1.1x 1.1 x 1.2mm?; flip
angle =9°; bandwidth =240 Hz/pix. The T2 FLAIR
scans were obtained using an echo-planar imaging
sequence with the following parameters: TR = 9000 ms,
TE=90ms, and TI=2500ms, number of slices =42,
slice thickness=5mm. As for the DTI: 256 x 256
matrix; voxel size: 2.7 x2.7x 2.7 mm3; TR =9000 ms;
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ADNI-GO and ADNI-2 data base:
Until 2017 June

|

69 subjects removed due to DTI data missing
Then 35 subjects removed due to FDG-PET data
missing
Another 12 subjects removed due to 3D-T1 or
T2FLAIR data missing

161 NC/MCI/AD subjects with 2
year follow-up

4 subjects removed due to bad 3D-T1 data
quality;
1 subject removed due problem with co-register
DTI to 3D-T1

Y

45 subjects with:
DTl
FDG-PET
3D-T1 and T2FLAIR images
at both time points

A 4

40 subjects included:
19 NC; 16 MCI; 5 AD

Figure 1. Showing the step we used to filter for our subjects. Only subjects with complete T1, T2FLAIR, DTl and FDG-PET scans at

both baseline and two-year follow-up were selected.

scan time =9 min. There are 46 separate images acquired
for each DTI scan, specifically, 5T2-weighted images
with no diffusion sensitization (b0 images) and 41 diffu-
sion-weighted images (b=1000s/mm?). FDG-PET
acquisition details have been described elsewhere.®
Briefly, FDG-PET images were acquired by either
a 30-min six frame scan acquired 30 to 60 min post-
injection or a static 30 min single-frame scan acquired
30 to 60 minute post-injection. Dynamic scans were
co-registered to the first frame and averaged to create
a single average image. Static or single-frame averaged
images were then aligned along the AC-PC line to a
standard 160 x 160 x 96 voxel image grid. For PiB-
PET, the following imaging parameters were used:
Image matrix = 128 x 128, number of slices =63, pixel
resolution =2 x 2 x 2mm°; slice thickness = 2.4 mm;
radiopharmaceutical = 11C-PiB, reconstruction method =
iterative. The methods regarding acquisition of PET was
described in detail in Landau et al.®

MRI post-processing

All the post-processing was conducted by our research-
ers (YJ, XL). First, T2FLAIR, DTI, and FDG-PET
image was each co-registered to the 3DT1 image of
the same subject. Then, within each subject, the

longitudinal image was co-registered to their corres-
ponding baseline imagine to make sure that the
images at baseline and follow-up scans were in a
common space. The co-registration process was done
using an affine co-registration in SPM.

3DT1 and T2FLAIR images were used for tissue
segmentation and WMH lesion segmentation. 3DT1
images were used first to segment the brain tissue
into three classes: Gray matter, white matter and
cerebrospinal fluid. Then T2FLAIR image was used
to segment the WMH lesion in white matter tissue.
All the previous procedures were completed automatic-
ally using the Lesion Segmentation Tool in SPM 12
(Statistical Parametric Mapping). The automatically
created WMH segmentation was then manually cor-
rected for: Scalp and tissue at the base of the brain
falsely classified as WMH — WMH at the white
matter of cerebellum and brain stem. The radiologist
(XF Y) was blind to the patient’s clinical data or the
time point information of the image while manually
correcting the WMH segmentation. Then the baseline
WMH segmentation and follow-up WMH segmenta-
tion were combined; the WMH area existed only in
the baseline but not in the follow-up scan was classified
as the shrinking WMH. The shrinking WMH around
the ventricular wall was removed from the shrinking
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1.Realigned

2. Co-
Registered

3. Baseline T2FLAIR Image
Bias-Corrected & Co-registered
To 3DT1 Image

3. Partial Volume Estimation
Tissue Segmentation

3. Follow-Up T2FLAIR Image
Bias-Corrected & Co-registered
0 3DT1 Image

5. Classified Lesion Map:
| |= WMH Present
At both time points (Constant WMH)

t Follow-up but not Baseline (Growing WMH)
| |=WMH Present
At Baseline but not Follow-up (Shrink WMH)

= WMH Present

Figure 2. Flowchart demonstrating our longitudinal process for each subject. The 3DT| images at different time points were first
realigned and a with-in subject mean T| map was created. Then images at different time points were co-registered to the mean T
map. WMH segmentation was based on T2FLAIR image and partial volume estimated tissue segmentation map.

WMH class because it may be caused by enlarged ven-
tricle. The WMH existed only in the follow-up but not
in the baseline scan were classified as the Growing
WMH. The WMH existed at both time points were
classified as Constant WMH. Furthermore, white
matter area that contained no WMH at both time
points was considered NAWM (Figure 2.)

DTI images were first removed of the scalp and cor-
rected for eddy current, then FA and MD map was
calculated based on DTI image using FSL (bet, eddy
current, and DTI fit command respectively). Then we
applied the growing, constant and shrinking WMH and
NAWM ROIs on FA and MD map to extract the aver-
age FA and MD value in each region.



Jiaerken et al.

FDG-PET preprocessing details have been described
elsewhere.” Each frame of a given baseline image series
was co-registered to the first acquired frame. The image
series was aggregated into a dynamic image set. The
image set was then averaged, reoriented to a standard
160 x 160 x 96 voxel spatial matrix of resliced 1.5mm?®
voxels, intensity normalized, and smoothed with an
8-mm full width at half maximum kernel. We then
normalized FDG-PET pixel intensity to the cerebel-
lum, due to its preserved glucose metabolism in AD, to
derive the standardized uptake value ratio. This step
removes inter-individual variability in tracer metabolism.
The growing, constant and shrinking WMH and
NAWM ROIs were also applied to the FDG-PET
image and standardized-rSUV in each region.

As for the amyloid PET data, composite baseline
A-beta deposition value readings were retrieved from
the latest available dataset (UCBERKELEYAV45_
10_17_16’), at ADNI site.

Statistical analysis

ANOVA test and post hoc analysis were first used to
determine the differences in FA, MD and FDG-PET
rSUYV value between different regions (Constant, grow-
ing and shrinking WMH and NAWM). A pair-wise
t-test between the baseline and follow-up parameter in
each region was done to determine if there was signifi-
cant progression of parameters in each region.
Furthermore, repetitive measurements ANOVA were
performed to compare if there are group differences
between the progressions of each parameter in each
region. Linear regression analyses were used to deter-
mine the variables that can influence the volume of the
expanding WMH. The volume of expanding WMH
was the dependent variable of the linear regression
model, while the following variables were selected

Table |. Demographic data.

as independent variables: Age, Sex, FA, MD and
FDG-PET rSUV in NAWM and expanding WMH.
A stepwise method was used to determine in which
the independent variable will enter the linear regression
model. Furthermore, in order to determine the possible
effect of the interaction between clinical diagnose in
the subjects (Cognitive normal NC, MCI or AD) on
the diffusion and perfusion parameters, we performed
another ANOVA test to test the differences in FA, MD
and FDG-PET rSUYV value between NC, MCI and AD
subjects in each region. Also, a Pearson correlation test
was conducted to determine the correlation between
amyloid deposition and diffusion/metabolism param-
eters in different WMH regions. Pearson correlations
were used to determine the possible correlation between
shrinking and growing WMH with brain volume
alteration.

Results

The average age of the subjects was 73 (£ 6.5) year-old
and included 35% of female subjects. The average
follow-up year was 2.08 (£0.09) year. Between AD,
MCI and NC subject group, there were no significant
differences in FA, MD and FDG-PET rSUV value in
any region. But AD subjects had more WMH volume
than MCI subjects, while NC subjects had the least
WMH volume. The differences in APOE genotype
also had no significant impact on the parameters and
WMH volumes. These results are further elaborated in
Table 1.

At baseline, the ANOVA test and the following post
hoc analysis of FA, MD and standardized FDG-PET
rSUV between different regions (constant, growing,
shrinking WMH and NAWM) revealed that there
were significant differences between NAWM and all
the WMH regions (constant, growing WMH shrinking

Stratified by AD diagnose

Stratified by APOE genotype

Total NC MCI AD €23 €33 €34
N 40 19 16 5 3 20 17
Sex (female%) 35.00% 36.80% 31.30% 40.00% 33.33% 30.00% 41.20%
Age £ SD (year) 73.77 (£ 6.50) 7242 (+£4.90) 73.14 (+6.2) 80.88 (+£9.74) 7547 (+£7.43) 7445 (+£6.83) 72.66 (£6.19)
Follow-up period £SD (year) 2.08(+0.10) 2.1 (£0.11) 2.07 (+£0.08) 2.04 (£0.05) 2.13 (£0.15) 2.1 (£0.11) 2.05 (+0.06)
WMH volume £ SD (mL)
Baseline WMH 15.57 (£20.75) 11.11 (£22.81) 1437 (£ 15.63) 36.17 (£16.24) 10.02 (£ 13.53) 9.1l (£8.75) 23.84 (+£28.14)
Follow-up WMH 20.70 (£26.09) 15.23 (+£28.06) 16.98 (£ 17.01) 53.40 (£21.74) 11.65 (£ 14.15) 13.31 (£ 13.17) 30.99 (+£35.09)
Comeposite florbetapir rSUV + SD
Baseline rSUV 1.15 (£0.21) 1.03 (+£0.08) 124 (£0.22) 1.34(+£027) 1.02(£0.07) 1.06(+0.14) 1.29 (£0.23)
Follow-up rSUV 1.16 (£0.21) 1.04 (£0.08) 124 (4+023) 1.34(4+028) 1.02(+0.04) 1.06 (£0.16) 130 (£0.22)

WMH: white matter hyperintensity; MCI: mild cognitive impairment; AD: Alzheimer’s disease.
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Table 2. The average parameter in each regions.

Constant Growing Shrink NAWN P
Number 37 37 35 40
FA (SD) Baseline 0.28 (0.05) 0.32 (0.04) 0.28 (0.06) 0.34 (0.03) <0.0I
Follow-up  0.26 (0.07) 0.30 (0.08) 0.26 (0.08) 0.32 (0.09) 0.02
MD (SD) Baseline 1.17 (0.16)x 107> 1.03 (0.16)x 1073 125 (0.24)x 107>  0.84 (0.04)x 10>  <0.0I
Follow-up 1.1 9(0.34)x 107>  1.06 (0.30)x 107>  1.26 (0.39)x 10>  0.83 (0.21)x 10>  <0.0l
FDG-PET rSUV(SD)  Baseline 0.52 (0.13) 0.55 (0.13) 0.56 (0.16) 0.83 (0.15) <001
Follow-up  0.52 (0.14) 0.55 (0.14) 0.56 (0.17) 0.82 (0.20) <0.0I

FA: fractional anisotropy; MD: mean diffusivity; FDG-PET: [|8F]fluorodeoxyglucose-positron emission tomography; rSUV (SD): standardized uptake

value ratio (standard deviation).

Table 3. Post hoc analysis.

Constant vs. Constant vs. Constant vs. Growing vs. Growing vs. Shrinking VS.
P value growing shrinking NAWM shrinking NAWM NAWM
FA Baseline <0.001" 0.591 <0.0017 <0.0017 0.02" <0.0017
Follow-up 0.043" 0.684 0.003" 0.013" 0.33 0.001"
MD Baseline <0.0017 0.0317 <0.0017 <0.0017 <0.0017 <0.0017
Follow-up 0.075 0.338 <0.0017 0.007" 0.001" <0.0017
FDG-PET  Baseline 0.265 0.166 <0.0017 0.785 <0.0017 <0.0017
rSuv Follow-up 0.345 0.273 <0.0017 0.878 <0.0017 <0.0017
p <0.05.

NAWM: normal appearing white matter; FA: fractional anisotropy; MD: mean diffusivity; FDG-PET: [I8F]fluorodeoxyglucose-positron emission
tomography; rSUV (SD): standardized uptake value ratio (standard deviation).

WMH). Between the WMH regions, the growing
WMH had significantly lower MD and higher FA com-
pared to constant WMH, while shrinking WMH had
no significant differences in any parameters compared
to constant WMH (Tables 2 and 3.)

The Pair-wise t-test revealed that, longitudinally,
MD had significant progression in  growing
(P=0.001), shrinking (P =0.026) and constant WMH
(P=0.003), while had no significant progression in
NAWM (P =0.659); FDG-PET rSUV had significant
negative progression in NAWM (P =0.005), while had
no significant progression in any WMH regions (all P
values > 0.05).  Further repetitive  measurement
ANOVA test revealed that there are differences in the
progression of MD and rSUV between different
regions. (F=32.075, P <0.001, Figure 3) Further post
hoc analysis revealed that, regarding MD, the constant
WMH had the most rapid progression while the
growing WMH had relatively slower progression; of
FDG-PET rSUV, NAWM had relatively faster pro-
gression than any WMH regions (Table 4.)

Linear regression analysis revealed that among
the subjects with expanding WMH, the FA value in
the NAWM (standardized = —2.634, P=0.002) and
age (standardized =3.329, P<0.001) had entered the

linear regression model. The regression model
(R=0.791, P:0002) is: Y(Expanding WMH volume) =
0-566X(Agc) - 94’-4'37)((Basc]inc FA in NAWM)

Correlation results revealed that the volume of
shrinking WMH (R = —0.03, P =0.854) and expanding
WMH (R =-0.104, P=0.522) is not significantly cor-
related with the brain parenchyma volume change
between baseline and follow-up scan. And overall,
the composite florbetapir rSUV detected by PiB-
PET was not significantly correlated with any of the
diffusion or metabolism parameter in any region (all
P values > 0.05).

Discussion

In the present longitudinal study, we observed the
metabolic and diffusion parameters in the NAWM,
growing WMH, constant WMH and shrinking WMH
region. Specifically, at baseline, the growing WMH had
significantly lower FA and FDG-PET rSUV and higher
MD than NAWM, and had significantly higher FA and
lower MD than the constant WMH. Longitudinally, we
found that NAWM had no significant progression in
diffusion parameters between the two time points, and
the growing WMH had a relatively slower progression
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0.75
™MD Shrinking
(X107-3)  WMH

Constant WMH  Expanding
WMH

NAWM

. Baseline

0.85

R R— . Follow-Up

0.8

0.75

0.7

0.65

0.6

0.55

0.5

0.45
rsuv

Constant WMH

Shrinking
WMH

Expanding
WMH

NAWM

Figure 3. Bars showing the differences between different regions and different time points. There were significant differences in MD
between constant WMH and Growing WMH and NAWM. While shrinking WMH and constant WMH have similar MD property. And
there were significant differences in FDG-PET rSUV between NAWM and WMH regions. There were significant progressions in MD in
Constant and Growing WMH, and a significant reduction in FDG-PET rSUV in NAWM region.

than the constant WMH. Regarding metabolism,
NAWM had more rapid metabolic progression than
any WMH regions (growing, shrinking and constant),
while in WMH regions there was no significant progres-
sion. Linear regression model also revealed that the
baseline microstructural disruption in the NAWM
was correlated with the future volume of the growing
WMH. Finally, we discovered that the shrinking WMH
had a similar microstructural and metabolism property
and progression pattern to the constant WMH both
before and after the shrinking WMH appears to be
normal white matter.

At Dbaseline, we discovered that from NAWM
to growing WMH then to constant WMH, each com-
ponent had more severe diffusion and metabolic
damage than the last one. Moreover, the result of the
subsequent linear model suggested the disruption of
microstructure in NAWM at baseline was associated
with the future volume of the growing WMH. In line
with previous DTI studies, our results demonstrated

that lower FA and higher MD at baseline are good
predictors for WMH formation over time.'%!
According to the previous study, the alteration in dif-
fusion suggested compromised white matter integrity
and altered water mobility in the interstitial space,
which was associated with histopathological findings
of diffuse demyelination and axon loss.'"> Taken
together, these results suggested at the baseline where
the growing WMH appeared as normal, the metabolic
and microstructural damages were already present.
A previous study has also discovered that NAWM in
the patients with CSVD has less perfusion compared to
controls.® In addition, our study confirmed that the
microstructural and metabolic changes in the NAWM
that later became WMH. This suggested a constantly
progressing pattern of WMH development. Despite
appearing on the T2FLAIR as a homogeneous patch
of hyperintensities with a clear border with surrounding
white matter, WMH may actually represent a continu-
ous spectrum of white matter damage. Occurring in
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Table 4. Post hoc analysis of longitudinal data.

Pair(i—j) FA MD rSUvV

NAWM-constant ~ Amean 0.057  —0.00035 0.31
Sig. <0.001"  <0.001"  <0.001"

NAWM-growing Amean 0.021 —0.00021 0.27
Sig. 0457 <0.001"  <0.001"

NAWM-shrink Amean 0.064  —0.00042 0.26
Sig. <0.001"  <0.001" <0001

Constant-growing  Amean —0.037 0.00013 —0.04
Sig. 0.002"  0.026" |

Constant-shrink Amean 0.006  —0.00007 —0.04
Sig. 0.582 0.665 I

Note: P value was corrected by Bonferroni method.
NAWM: normal appearing white matter; FA: fractional anisotropy; MD:
mean diffusivity; rSUV: standardized uptake value ratio.

NAWM, small vessel damage, demyelination and axon
loss may slowly turning NAWM into newly formed
WMH. Within WMH area, the newly formed WMH
has significantly less severe pathological changes than
the “older” constant WMH.

Previous studies have discovered that the NAWM
may have changes in perfusion and diffusion param-
eters associated with WMH severity.'*!'> Also, a previ-
ous study has reported that the NAWM that is closer to
WMH have less blood perfusion than average
NAWM.'® In line with these previous findings, our lon-
gitudinal results showed differences in the rate at which
the metabolism and microstructural changes can occur.
NAWM have a markedly faster rate of decline in
metabolism, but no significant progression in diffusion.
On the other hand, regarding the growing WMH and
the constant WMH, the declining rate of metabolism is
not significant, whereas the microstructures were found
to deteriorate more rapidly. These results suggest that
the main changes occurring in NAWM are decreasing
metabolism, while its microstructure remains relatively
intact. As for the WMH regions where the metabolism
is already at a lower level, the microstructural changes
are more significant.

Interestingly, our findings suggested the shrinking
WMH may actually have no significant difference
than constant WMH, either metabolism-wise or micro-
structural-wise, before or after the shrinking WMH
appears like normal white matter. A previous study
discovered that the edema and cerebrospinal fluid leak-
age (due to blood-brain barrier disruption) might cause
a reversible shift in the water content which may appear
hyperintensities on T2FLAIR image.* Accounting
these temporary shifts in water content as WMH may
potentially cause WMH regression to appear. But our

results suggested however temporary these shifts may
be, the microstructural and metabolism alteration in
the shrinking WMH area are still on par with that in
the WMH area. As such, these white matter areas that
appeared normal are actually still damaged. We also
noticed that the changes in brain volume may impact
the progression and regression of WMH. Thus, we took
extra care in the classification of shrinking WMH by
removing the shrinking WMH around the periventricu-
lar region.

Limitation

There are several potential limitations of our study.
First, the T2FLAIR data used in the current study
had a slice thickness of 5Smm, which may affect lesion
segmentation. Although great effort was taken to
account for the partial volume effect, future study
with higher resolution image is warranted. Second,
the involving of MCI and AD subjects in our study
may potentially be a confounding factor. However,
our results suggested there were no significant differ-
ences of the diffusion and metabolism in all NAWM
and WMH regions between three groups. We further
tested the correlation relationship between amyloid
deposition detected by PiB-PET and diffusion/metabol-
ism values. There were no significant correlations
found. Therefore, the lack of significant correlation
suggested the potential AD pathology had relatively
limited impact on our results. Due to the limited
number of AD patients, the relationship between
CSVD and AD pathology cannot be determined.
Future study should consider recruiting cognitively
intact subjects or with large enough AD/MCI samples
to determine the effect of AD pathology on CSVD.

Conclusion

There is a dynamic change in microstructural and
metabolism in WMH. Specifically, the metabolic
change was mainly found in NAWM, while the micro-
structural change was mainly found in WMH region.
Besides, the reduced volume in WMH, to a larger
extent, is irrelevant to the microstructural or metabol-
ism recovery.
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