Received: 18 September 2020

Revised: 20 December 2020

Accepted: 25 December 2020

DOI: 10.1002/hbm.25338

RESEARCH ARTICLE

WILEY

White matter hyperintensities induce distal deficits in the

connected fibers

Yanpeng Liu?
Du Zhang! |

| YiweiXia® | Xiaoxiao Wang?

| Yanming Wang! |

Benedictor Alexander Nguchu! | Jiajie He! | YiWang? |

Lumeng Yang® | Yiqging Wang? | Yunqging Ying? | Xiaoniu Liang® |

Qianhua Zhao® | Jianjun Wu®>* | Zonghui Liang® |

Bensheng Qiu' | Xin Cheng? | Jia-Hong Gao

Ding Ding® | Qiang Dong? |
1,67

1Hefei National Lab for Physical Sciences at the Microscale and the Centers for Biomedical Engineering, University of Science and Technology of China, Hefei, China

2Department of Neurology, National Clinical Research Centre for Aging and Medicine, Huashan Hospital, State Key Laboratory of Medical Neurobiology, Fudan

University, Shanghai, China

3Institute of Neurology, National Clinical Research Centre for Aging and Medicine, Huashan Hospital, Fudan University, Shanghai, China

“Department of Neurology, Jing'an District Center Hospital, Shanghai, China

5Department of Radiology, Jing'an District Center Hospital, Shanghai, China

SCenter for MRI Research and Beijing City Key Lab for Medical Physics and Engineering, Peking University, Beijing, China

“McGovern Institute for Brain Research, Peking University, Beijing, China

Correspondence

Jia-Hong Gao, Center for MRI Research and
Beijing City Key Lab for Medical Physics and
Engineering, Peking University, Beijing, China.
Email: jgao@pku.edu.cn

Xin Cheng, Department of Neurology, National
Clinical Research Centre for Aging and Medicine,
Huashan Hospital, State Key Laboratory of Medical
Neurobiology, Fudan University, Shanghai, China.
Email: chengxin@fudan.edu.cn

Bensheng Qiu, Hefei National Lab for Physical
Sciences at the Microscale and the Centers for
Biomedical Engineering, University of Science and
Technology of China, Hefei, China.

Email: bgiu@ustc.edu.cn

Funding information

National Key R&D Program of China, Grant/
Award Numbers: 2016YFC1300503,
2017YFC1308201; National Natural Science
Foundation of China, Grant/Award Numbers:
21876041, 81701665, 81971123; Shanghai
Municipal Science and Technology Major
Project, Grant/Award Number:
No0.2018SHZDZX01

Abstract

White matter hyperintensities (WMH) are common in elderly individuals and cause brain
network deficits. However, it is still unclear how the global brain network is affected by
the focal WMH. We aimed to investigate the diffusion of WMH-related deficits along
the connecting white matters (WM). Brain magnetic resonance imaging data and neuro-
psychological evaluations of 174 participants (aged 74 + 5 years) were collected and
analyzed. For each participant, WMH lesions were segmented using a deep learning
method, and 18 major WM tracts were reconstructed using automated quantitative
tractography. The diffusion characteristics of distal WM tracts (with the WMH penum-
bra excluded) were calculated. Multivariable linear regression analysis was performed.
We found that a high burden of tract-specific WMH was related to worse diffusion
characteristics of distal WM tracts in a wide range of WM tracts, including the forceps
major (FMA), forceps minor (FMI), anterior thalamic radiation (ATR), cingulum cingulate
gyrus (CCG), corticospinal tract (CST), inferior longitudinal fasciculus (ILF), superior longi-
tudinal fasciculus-parietal (SLFP), superior longitudinal fasciculus-temporal (SLFT), and
uncinate fasciculus (UNC). Furthermore, a higher mean diffusivity (MD) of distal tracts
was linked to worse attention and executive function in the FMI, right CCG, left ILF,
SLFP, SLFT, and UNC. The effect of WMH on the microstructural integrity of WM
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tracts may propagate along tracts to distal regions beyond the penumbra and might
eventually affect attention and executive function.
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hyperintensities

1 | INTRODUCTION

White matter hyperintensities (WMH), typical radiological markers of
age-related cerebral small vessel disease (CSVD), are commonly
observed in T,-weighted or fluid-attenuated inversion recovery
(FLAIR) brain MRI images of elderly individuals (DeCarli et al., 2005;
Wardlaw et al., 2013). The global WMH burden has been found to be
associated with whole-brain atrophy, brain structural network effi-
ciency, and cognitive decline (Banerjee et al, 2018; Maniega
et al., 2015; Wardlaw, Smith, & Dichgans, 2019).

Studies have suggested that WMH may represent a wide range
of degenerations, including demyelination, axonal loss, gliosis
(Wardlaw et al., 2019) and impaired blood-brain barrier (BBB) (Black,
Gao, & Bilbao, 2009). The deficits may intrude into the penumbra,
normal-appearing white matter (NAWM) nearby, and affect the white
matter (WM) infrastructure (Maillard et al., 2014) and cerebral blood
flow (Promjunyakul et al., 2016). Moreover, the degenerative penum-
bra is larger in WMH-intersecting WM tracts than in nearby WMH-
nonintersecting tracts (Munoz Maniega et al., 2019; Reginold
et al., 2016; Reginold et al., 2018), suggesting that degenerations
propagate along WM tracts. Thus, we seek to investigate whether
WMH-related defects propagate to remote areas.

Diffusion tensor imaging (DTI) has provided a noninvasive
approach to investigate early changes in WM microstructure
(Alexander, Lee, Lazar, & Field, 2007). Tractography methods have
been proposed and provide new insight into brain connectivity struc-
ture (Schilling et al., 2019). In the present study, automated quantita-
tive tractography was used to reconstruct the major WM fiber tracts,
and the diffusion characteristics (fractional anisotropy, FA; mean dif-
fusivity, MD) were extracted. We attempted to investigate the rela-
tionship between tract-specific WMH burden and microstructural
integrity of the distal tracts in community-dwelling elderly individuals.
In addition, we evaluated the impact of the impaired distal tracts on
cognitive impairment. We hypothesized that the effect of WMH on
the microstructural integrity of WM tracts might propagate along

tracts to distal regions beyond the penumbra.

2 | MATERIALS AND METHODS

21 | Study population

This study is part of the Shanghai Aging Study (SAS), which prospec-
tively investigates the prevalence, incidence and risk factors for

cognitive impairment among elderly residents in the Jing'an Temple
Community, an urban community of Shanghai, China. The detailed
protocols for the study have been previously reported (Ding
et al., 2014). The protocol of this SAS study was approved by the
Institutional Review Board of Fudan University. The signed consent
form was provided by each participant. From 2016 to 2018, a total of
262 eligible individuals were invited by telephone to undergo brain
structural and diffusion MRI. The inclusion criteria were as follows:
(a) age over 65 years; (b) residence in the Jing'an Temple Community.
Participants were excluded if they had any of the following character-
istics: (a) cerebral large vessel stenosis (>50%); (b) hydrocephalus or
brain tumors; (c) MRI contraindications; (d) refusal or inability to com-
plete the examination. Of the 262 recruited subjects, 71 refused to
participate, and the remaining 191 participated in this study. In addi-
tion, 17 of the participants were excluded (12 for incomplete and mis-
matched images and 5 for poor image quality), resulting in
174 qualified participants.

2.2 | Vascular risk factors and medication use
Demographic characteristics, vascular risk factors, and medication use
were collected via an interviewer-administered questionnaire, and were
further confirmed in the patient history, these features comprised age;
sex; years of education; body mass index; current smoking status;
hypertension; diabetes; hyperlipidemia; cardiogenic disease (atrial fibril-
lation and coronary artery disease); and the use of antihypertensive,
antidiabetic, lipid-lowering and antiplatelet/anticoagulant medications.

2.3 | Imaging acquisition

Participants' MRI scans were acquired on a 3T MRI scanner
(GE Healthcare, MR750, Milwaukee, WI) equipped with a 32-channel
head coil. The parameter settings for the sequences were as follows: 3D
T1 BRAVO sequence, TR/TE = 8.2 ms/3.2 ms, flip angle = 12°, slice
thickness = 1.2 mm, matrix size = 256 x 256, FOV = 240 x 240 mm?;
Cor CUBE FLAIR sequence, TR/TE = 6,000 ms/90 ms, slice
thickness = 20 mm, flip angle = 90°, matrix size = 256 x 256,
FOV = 260 x 260 mm?; DTI sequences, TR/TE = 6,000 ms/84.4 ms,
slice thickness = 4 mm, flip angle = 90°, number of diffusion direc-
tions = 25, one unweighted scan and 25 diffusion weighted scans
with a b-value of 1,000 s/mm? matrix size = 256 x 256, FOV =
240 x 240 mm?,
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24 | WMH segmentation and diffusion MRI
tractography

The WMH segmentation was performed using an automated procedure
based on deep learning with U-net (Ronneberger, Fischer, &
Brox, 2015). The method was described in detail in our previous study
(Xia et al., 2020). Briefly, using axial slices of T, FLAIR images as input
images, the model was trained on an 11GB GTX1080ti GPU (image
sources: images from the present study and a public image data set from
UMC Utrecht Hospital [Kuijf et al., 2019]) and the segmentation of each
image was generated automatically in 2.66 s. The T, FLAIR images and
the WMH map were registered to each subject's own diffusion images
and Montreal Neurological Institute (MNI) space using FMRIB's Linear/
Nonlinear Image Registration Tools (FLIRT/FNIRT), part of the FMRIB
Software Library (FSL) v5.09 (Jenkinson, Beckmann, Behrens,
Woolrich, & Smith, 2012). The WMH overlap frequency was obtained.

The TRActs Constrained by UnderLying Anatomy (TRACULA) tool
of the FreeSurfer v6.0 image analysis suite (Yendiki et al., 2011) was
used for pre-processing, tractography and group statistics analyses.
TRACULA uses global probabilistic tractography with anatomical prior
information of predefined WM pathways. The 18 reconstructed major
WM pathways were as follows (Figure 1a): forceps major (FMA), for-
ceps minor (FMI), corticospinal tract (CST), inferior longitudinal fascic-
ulus (ILF), uncinate fasciculus (UNC), anterior thalamic radiation (ATR),
cingulum cingulate gyrus (CCG), cingulum angular bundle (CAB), supe-
rior longitudinal fasciculus: parietal (SLFP) and temporal (SLFT). All the
pathways except for the FMA and FMI were bihemispherically
lateralized and labeled left and right. A threshold of 1% posterior
probability of the tract was applied to create the region of interest
(ROI) of each tract (Munoz Maniega et al., 2019).

2.5 | Distal tracts and spatial group analyses

The ROI of the WMH was dilated by 4 mm (x-y plane: 0.938%4, z-
direction: 4) up to 12 mm and then subtracted from each WM tract

. WMH

| FMA/FMI

- ATR
. CAB

CcCcG

| -CST

. ILF
- SLFP
- SLFT
B unc

using Analysis of Functional Neurolmages (AFNI) (https://afni.nimh.
nih.gov/) (Figure 1b). Therefore, four types of WM tract remnants
(excluding areas of 0, 4, 8 and 12 mm around the WMH) were
obtained and further employed to extract of the average diffusion
characteristics in every participant. Specific tract remnants excluding a
12 mm region were defined as distal tracts. The spatial group-average
analyses of WM tracts were also obtained by normalizing the individ-
ual WM tracts to MNI space and excluding the segments of the WM
tracts' two end points that had less than 80% overlap frequency. The
average diffusion characteristics along the trajectory of the pathway
at different spatial positions were calculated straightforwardly
according to the posterior distribution by TRACULA.

The whole-brain WMH volume measurements were expressed as
the ratio of that volume to the total intracranial volume (ICV), thereby
adjusting for different head sizes. The tract-specific WMH ratio was
defined as the ratio of tract-specific WMH intersection volume to the
corresponding tract total volume. Tract-specific WMH ratios were
log-transformed because of the non-normal data distribution
(Cremers et al., 2016; Seiler et al., 2018). Considering that WMH
lesions are rare in the CAB in the left and right hemispheres (Figure 2),

we excluded the CAB in the subsequent analysis.

2.6 | Cognitive function

Participants underwent neuropsychological tests in the following
domains: (a) global cognitive function: Mini-Mental State Examination
(MMSE) and Montreal Cognitive Assessment (MoCA); (b) memory:
Auditory Verbal Learning Test (AVLT) for participants with 26 years of
education, Huashan Object Memory Test (HOMT) for those with
<6 years of education; (c) language: Common Objects Sorting Test
(COST); (d) spatial construction: Stick Test; (e) attention and executive
function: Trail Making Test (TMT) for participants with >6 years of
education and the Renminbi Test for those with <6 years of educa-
tion. These neuropsychological tests were translated, adapted, and

normed from Western countries based on Chinese culture, and had

FIGURE 1 Visualization of white matter tracts
and WMH. (a) An example showing the spatial
distribution of 18 major WM tracts and WMH.

(b) An example of the spatial analysis contours for
tracts and WMH in the CST. The surface contours
were dilated by 4 mm at a time from the WMH
edge. L = left; R = right; WMH = white matter
hyperintensities; FMA = forceps major;

FMI = forceps minor; ATR = anterior thalamic
radiation; CAB = cingulum angular bundle;

CCG = cingulum cingulate gyrus;

CST = corticospinal tract; ILF = inferior
longitudinal fasciculus; SLFP = superior
longitudinal fasciculus-parietal; SLFT = superior
longitudinal fasciculus-temporal; UNC = uncinate
fasciculus
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been validated in previously published Chinese studies (Ding
et al.,, 2015; Ding et al., 2016). Details of the neuropsychological tests
are described in the supplementary materials. z-scores (the individual
test score minus the mean test score divided by the standard devia-

tion) were calculated for each cognitive domain.

2.7 | Statistical analysis

Statistical analyses were performed in R v3.61 (Team, 2019). The
median (interquartile range, IQR) was used to describe the non-
normally distributed continuous variables. Number (percentage) was
used to describe categorical variables. The relationships between the
diffusion characteristics of various remnants of WM tracts and the
tract-specific WMH ratios were assessed using multivariable linear
regression, adjusting for age and sex. One-way analysis of variance
(ANOVA) with a post-hoc test was performed to analyze group differ-
ences. The relationships between the diffusion characteristics of distal
WM tracts and cognitive function were examined by multivariable lin-
ear regression, controlling for age, sex, education and whole-brain
WMH (calculated by dividing the total WMH volume by the total
intracranial volume). We employed the false discovery rate (FDR) for
multiple comparison correction. Both § coefficients and P values were
two-tailed estimates, and the criterion for statistical significance was
set to p < .05 (Genovese, Lazar, & Nichols, 2002).

3 | RESULTS

The demographic, neuroimaging, and cognitive characteristics of the
174 subjects involved in the study are presented in Table 1. The per-
centages of tract-specific WMH ratios were distributed differently in
the 18 WM tracts, but symmetrically in the left and right hemispheres
(Figure 2). The FMA was most prone to the occurrence of WMH,
followed by the ATR, SLFT, SLFP, CCG, and CST. However, there
were almost no WMH detected in the CAB. A two-way ANOVA

was performed and there was no statistically significant interaction
effect between WMH ratio and location, which indicated that the
effects on MD values by the WMH are independent of the location
(Table S1). More information about other diffusion characteristics
(FA; axial diffusivity, AD; radial diffusivity, RD) can be found in the
supplementary data.

3.1 | Tract-specific WMH ratios and tract diffusion
characteristics

The diffusion characteristics of the FMA, FMI, bilateral ATR, CCG,
CST, ILF, SLFP, SLFT, and UNC were significantly correlated with the
tract-specific WMH ratios (Table 2 and Table S2). After excluding the
WMH area of the tracts, the correlations of the FMA, CCG, CST,
SLFP, SLFT, and UNC remained. In the FMA, CCG, SLFP, SLFT, and
UNC, even when we excluded up to 12 mm around the WMH area,
the correlations were consistent with those reported previously. The
FMI and ILF mainly showed correlations in FA and the ATR mainly
showed a correlation in MD.

For each WM tract, the 174 participants were divided into three
groups (G1, G2, G3) by the tertile of the intersected WMH volume
with each tract, with 58 participants in each group. Individuals in the
G1 group had the smallest WMH volume and those in the G3 group
had the largest WMH volume. The diffusion characteristics of distal
WM tracts were plotted (Figure 3 and Figure S1). The results indi-
cated that compared to those with a mild WMH burden, participants
with a severe WMH burden tended to possess increased MD and
reduced FA in distal WM tracts.

3.2 | WMH ratio and diffusion characteristics
along tracts

The average distribution of diffusion characteristics at different posi-

tions along the trajectory of all participants' pathways in MNI space
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TABLE 1 Baseline characteristics of the study
population (N = 174)

Number
Characteristics Median (IQR) (%)
Age, years 74 (69 to 79)
Male/female 77/97
Education, years 12 (9 to 15)
Body mass index, (kg/m?) 23.5(21.6 to 26.2)
Current smoker 15 (8.6)
Hypertension 100 (57.5)
Diabetes 26 (14.9)
Hyperlipidaemia 75 (43.1)
Cardiogenic disease 24 (13.8)
Antihypertensive 99 (56.9)
Antidiabetic 30(17.2)
Lipid lowering 34 (19.5)
Antiplatelet/ 27 (15.5)

anticoagulation

Total intracranial volume, 1501.3 (1399.3 to 1596.8)

(ml)

Total WMH, (ml) 11.3(5.0to0 12.8)

Overall FA of tracts 0.36 (0.34 to 0.38)

Overall MD of tracts 0.86 (0.84 to 0.88)
(1078 mm?/s)

MoCA 25 (22 to 27)

MMSE 29 (27 to 29)

0.00 (-0.59 to 0.78)
0.21 (-0.02 to 0.44)
0.00 (—0.45 to 0.44)

Memory, z score
Language, z score

Spatial construction, z
score

Attention and executive
function, z score

0.00 (-0.60 to 0.49)

Abbreviations: FA, fractional anisotropy; IQR, interquartile range; MD,
mean diffusivity; MoCA, Montreal Cognitive Assessment; MMSE, Mini-
Mental State Examination; WMH, white matter hyperintensities.

was estimated, as represented in Figure 4 and Figure S2. Some of the
positions on the FMA, ATR, CCG, CST, ILF, SLFP, SLFT, and UNC
showed significant correlations between diffusion characteristics and
tract-specific WMH ratios. The ILF did not show significant correla-
tions with MD in any position and the RSLFT, RUNC did not show sig-
nificant correlations with FA in any position. The FMI did not show
correlations with FA or MD in any of the tract positions. A group dif-
ference with a two-sample t test (FDR corrected) was also identified
between participants with and without WMH involving the tracts
(Figure S3).

3.3 | Distal WM tracts and cognitive function

Given that tract-specific WMH were related to the impaired micro-

structural integrity of distal WM tracts, we further explored the

relationships between distal tract-specific diffusion characteristics and
cognitive function (Table 3 and Table S3). Attention and executive
function were found to be associated with the distal MD of all tracts
combined (8 = —0.27, p = .004) as well as the FMI (8 = -0.19,
p = .018), LILF (8 = —=0.27, p = .002), LSLFP (8 = —-0.24, p = .009),
LSFLT ( = —0.20, p = .015), LUNC (p = —-0.30, p = .001), RCCG
(p = -0.20, p = .015), RSLFP (8 = —0.20, p = .015), RSFLT (5 = —0.22,
p =.008), and RUNC ( = —0.21, p = .015) individually, after adjusting
for age, sex, education and whole-brain WMH volume. There was no
significant correlation between FA and cognitive function after FDR

correction.

4 | DISCUSSION

In this community-dwelling elderly population, we found that impaired
microstructural integrity of the distal WM tracts, including the FMA,
ATR, CCG, CST, SLFT, SLFP, and UNC, was correlated with tract-
specific WMH ratios and worse attention and executive function. The
results suggested that the impact of WMH might propagate to the
distal tracts outside the WMH penumbra, and consequently contrib-
ute to the impairment of attention and executive function.

Specifically, we observed that the FMA, SLFP, SLFT, and ATR
WM tracts were severely vulnerable to WMH, while the CAB, FMI,
and LILF WM tracts were least affected, consistent with previous
results (Munoz Maniega et al., 2019). The low burden of tract-specific
WMH might explain the lack of significant distal WMH effects in
these tracts (Munoz Maniega et al., 2019). Another possible reason is
that partial volume averaging with cerebrospinal fluid could poten-
tially affect the variance of diffusion parameters measured in these
tracts (Vos, Jones, Viergever, & Leemans, 2011).

Previous studies observed impaired microstructural integrity in
the penumbra of WMH lesions, approximately 2-9 mm around the
WMH itself (Maillard et al., 2014; Promjunyakul et al., 2016). More-
over, studies found a spatial gradient of diminished integrity spreading
from WMH along the intersecting WM tracts (Munoz Maniega
et al., 2019), suggesting that the degenerative processes of WM tracts
could probably extend to the distal regions beyond penumbra through
the tracts. However, it remains unclear whether this phenomenon is
an effect of WMH. Our study indicated that the altered diffusion
characteristics were not only observed in WMH and penumbra but
also further away from the penumbra, even in the entire length of
some tracts. Our study was the first to indicate that high burden of
tract-specific WMH prompted deficits in distal WM tracts in a healthy
elderly population, underscoring the potential disruptive effect of
WMH on the distal WM tract network.

Executive function is a collection of cognitive processes (including
attention) essential for advanced psychological function, which helps
to adapt to a continuously changing environment (Logue &
Gould, 2014). Executive function has long been considered a cognitive
domain affected by vascular injuries (Gorelick et al., 2011) and
was associated with conventional imaging markers of CSVD in the

general population (Poels et al., 2012; Prins et al., 2005; Saczynski
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TABLE 2 Associations between MD
values of WM tracts and tract-specific
WMH ratios

M"r

_
o
T

MD(10 mm?/s)
©

Tract

FMA
FMI
LATR
LCCG
LCST
LILF
LSFLP
LSLFT
LUNC
RATR
RCCG
RCST
RILF
RSLFP
RSLFT
RUNC

Whole tracts Excludle WMH  Exclude 4 mm Exclude 8 mm Exclude 12 mm
B p B p B p B p B p
035 <.001 0.20 .007 0.13 083 024 .002 029 <.001
0.24 .002 0.5 .057 0.09 294 0.10 221 014 .092
064 <001 0.53 <.001 048 <.001 047 <001 041 <.001
034 <.001 0.29 <.001 028 <.001 0.24 .003 0.22 .006
048 <.001 042 <.001 044 <001 048 <001 045 <.001
0.22 .006 0.07 413 -0.10 223  0.001 989 0.11 .182
047 <.001 0.38 <.001 034 <001 0.38 <001 040 <.001
046 <.001 0.36 <.001 028 <.001 0.31 <001 030 <.001
046 <.001 0.37 <.001 035 <.001 0.34 <001 030 <.001
0.63 <.001 0.52 <.001 051 <.001 0.54 <001 0.52 <.001
0.21 009 0.16 .054 0.18 035 0.17 .042 0.18 .024
053 <.001 046 <.001 048 <001 0.53 <001 048  <.001
0.13 .082  0.003 963  -0.04 .589 0.12 107 0.23 .002
049 <.001 0.37 <.001 028 <.001 0.31 <001 028 <.001
051 <.001 0.38 <.001 0.23 .003 023 .003 021 .006
037 <.001 0.30 <.001 027 <.001 0.26 <001 0.23 .004

Note: Statistics of multivariable linear regression including tract-specific MD as the dependent variable
and the tract-specific WMH ratio as an independent variable, adjusted for age and sex. The ROI of the
WMH was dilated by 4 mm up to 12 mm and then subtracted from each WM tract. Therefore, four types
of WM tract remnants (excluding areas of 0, 4, 8 and 12 mm around the WMH) were obtained. The value
of g represents standardized regression coefficients. Bold formatting represents a significant association
(p < .05, corrected by false discovery rate). Abbreviations: ATR, anterior thalamic radiation; CCG,
cingulum cingulate gyrus; CST, corticospinal tract; FMA, forceps major; FMI, forceps minor; ILF, inferior
longitudinal fasciculus; L, left; MD, mean diffusivity; R, right; SLFP, superior longitudinal fasciculus-
parietal; SLFT, superior longitudinal fasciculus-temporal; UNC, uncinate fasciculus; WMH, white matter
hyperintensities.

—G1 —G2—G3
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FIGURE 3 Measurements of the MD values of the distal WM tracts. All participants (n = 174) were divided into three groups (G1 < G2 < G3)
by tertile of tract-specific WMH volume, with 58 participants in each group. Participants in the G1 group had the smallest WMH volume and
those in the G3 group had the largest WMH volume. Boxes indicate the 25th-75th percentiles of MD, and the lines and whiskers show the
median and range of MD respectively. One-way ANOVA analysis and post-hoc testing with Bonferroni correction were used. *p < .05. **p < .01.
***p < .001. MD = mean diffusivity; WMH = white matter hyperintensities; L = left; R = right; FMA = forceps major; FMI = forceps minor;

ATR = anterior thalamic radiation; CCG = cingulum cingulate gyrus; CST = corticospinal tract; ILF = inferior longitudinal fasciculus;

SLFP = superior longitudinal fasciculus-parietal; SLFT = superior longitudinal fasciculus-temporal; UNC = uncinate fasciculus
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FIGURE 4 The average MD values of all participants along each tract in MNI space. The abscissa is the spatial position along the tract, the
red line represents the mean MD values and the light red interval is the standard deviation. Significant correlations (p < .05, corrected by false
discovery rate) between the MD of WM tracts at each position and tract-specific WMH ratios are plotted in black *(adjusted for age and sex).
The height of the blue curve represents the percentage of WMH overlap frequency along the tracts. MD = mean diffusivity; WMH = white
matter hyperintensities; L = left; R = right; FMA = forceps major; FMI = forceps minor; ATR = anterior thalamic radiation; CCG = cingulum
cingulate gyrus; CST = corticospinal tract; ILF = inferior longitudinal fasciculus; SLFP = superior longitudinal fasciculus-parietal; SLFT = superior

longitudinal fasciculus-temporal; UNC = uncinate fasciculus

et al., 2009). Moreover, the relationship between WM integrity within
the penumbra and executive function has been previously verified in
a general elderly population (Vernooij et al., 2009). The present study
adds to the current knowledge that the disruption in microstructural
integrity of distal tracts may also contribute to the impairment of
attention and executive function, regardless of the impact of the total
WMH burden. The absence of such an association in the ATR and
CST could be partly explained by the distinct physiological function of
these two tracts: the CST is mostly involved in motor function (Feng
et al,, 2015), and the ATR relays sensory and motor information from
the thalamus to the cerebral cortex (Jones, 2002).

One study on patients with cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL), a genetic form of CSVD, indicated that CSVD markers,
such as lacunes, could induce more cortical thinning by impairing
the microstructure of WM tracts connecting lacunes and the
remote cortex, consequently affecting the cognitive function
(Duering et al., 2012; Duering et al., 2015). Notably, our study
supported the idea that the microstructural integrity of WM tracts
plays a mediating role in the mechanism of vascular cognitive
impairment in the general population, specifically in the domain of
attention and executive function. Whether the cortex is involved in
the process is a question that will need to be addressed in future

research.

It has been indicated that MD is more sensitive to aging-related
degeneration than other radiological markers such as FA, magnetization
transfer ratio and T, intensity (Cremers et al, 2016; Maniega
et al.,, 2015; Reginold et al., 2015; Reginold et al., 2018), which might
explain why cognition was not found to be corrected with FA. The
pathology of degenerative WMH propagation is still uncertain. Some
studies pointed out that an increase in MD and a decrease in FA indi-
cated an increase in tissue water, underlying inflammation, edema
(Alexander et al., 2007), vacuolization within myelin sheaths (Gouw
et al,, 2011) and tissue atrophy (Phillips et al., 2016). The observed defi-
cits in the remote WM tracts might be explained by axonal loss, a
Wallerian-like or retrograde degeneration (Munoz Maniega et al., 2019;
Thomalla et al., 2004). The propagation of defects might also be carried
out by deficits of axonal transport (Millecamps & Julien, 2013), which is
necessary for the maintenance and function of axons.

The strengths of our study lie mainly in its novelty. We first
verified the impact of WMH on the distal WM tracts beyond
the penumbra and the role of distal WM tracts in cognitive impair-
ment in a healthy elderly population. This finding shed light on
the potential mechanism of cognitive impairment in CSVD. In addi-
tion, we conducted quantitative WMH segmentation, meticulous WM
tractography, and comprehensive assessment of cognition. However,
there are some limitations. First, the analysis was restricted to a rela-

tively small sample; thus, future community studies with larger sample
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TABLE 3 Relationships between MD values of distal WM tracts and cognitive function
T MoCA MMSE Memory Language Spatial Attention and executive
b p B p B p B p B p B p
Al tracts 0.05 .501 -0.02 .804 0.01 .940 0.06 445 0.01 .900 -0.27 .004
FMA 0.07 .286 0.06 .390 0.04 .580 0.01 917 0.00 .985 —-0.06 423
FMI 0.05 460 0.01 .918 0.02 .783 0.08 311 0.00 .993 -0.19 .018
LATR 0.14 .073 0.03 .654 0.20 .029 0.11 211 0.04 676 -0.17 .055
LCCG 0.05 435 -0.03 .655 0.02 .818 0.00 .963 -0.02 .817 -0.13 .088
LCST —-0.08 242 -0.07 .268 -0.09 .252 —-0.03 .675 —-0.10 .189 -0.12 111
LILF 0.01 .899 -0.06 .333 -0.07 403 -0.02 .840 0.06 422 -0.27 .002
LSFLP 0.04 .560 0.01 .880 0.02 .785 0.11 .186 0.02 764 -0.24 .009
LSLFT 0.08 297 0.01 .856 0.07 424 0.08 .337 0.03 .683 —-0.20 .015
LUNC -0.05 .524 -0.03 .710 -0.03 .730 0.01 941 0.03 754 —-0.30 .001
RATR 0.10 211 -0.02 768 0.08 401 0.09 .348 0.09 .335 -0.18 .055
RCCG —-0.02 .740 —-0.02 746 0.08 .335 0.06 432 —-0.04 .553 —-0.20 .015
RCST 0.01 .903 -0.08 277 -0.06 A77 0.01 .910 0.08 .315 -0.07 423
RILF 0.03 .701 —-0.03 .655 —-0.08 .306 0.03 719 —-0.04 .580 -0.15 .057
RSLFP 0.07 .344 0.00 973 0.00 .998 0.14 .067 0.07 .339 -0.20 .015
RSLFT 0.06 .389 0.00 .964 0.00 964 0.11 128 0.08 .290 —-0.22 .008
RUNC —-0.02 .815 —-0.04 .589 -0.13 128 0.02 .823 0.05 .503 -0.21 .015

Note: The MD values of distal WM tracts were acquired by: (1) removing the proximal WM tracts (within 12 mm of the WMH); and (2) calculating the MD
of the remnants of the WM tracts. Adjusted for age, sex, education and the whole-brain WMH ratio. Bold formatting represents a significant association
(p < .05, corrected by false discovery rate). Abbreviations: ATR, anterior thalamic radiation; CCG, cingulum cingulate gyrus; CST, corticospinal tract; FMA,
forceps major; FMI, forceps minor; ILF, inferior longitudinal fasciculus; L, left; MD, mean diffusivity; R, right; SLFP, superior longitudinal fasciculus-parietal;
SLFT, superior longitudinal fasciculus-temporal; UNC, uncinate fasciculus; WMH, white matter hyperintensities.

sizes are required. Second, there was a mixed effect on the overall
MD values in tracts beyond the penumbra caused by WMH and vari-
ous distal spatial locations. However, the current study further ana-
lyzed the correlations by controlling for the location factor. Third, our
cross-sectional study mainly focused on the associations between dif-
fusion characteristics and cognitive function. Longitudinal studies are
needed in the future to assess the prognostic value of diffusion char-

acteristics of distal tracts in predicting cognitive decline.

5 | CONCLUSIONS

Our results revealed an association between the microstructural
integrity of distal tracts and tract-specific WMH, as well as attention
and executive function. These findings suggested that microstructural
changes caused by WMH might propagate further beyond the pen-
umbra, and indicated that integrity of distal tracts may play an import

role in cognitive function.
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