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Abstract

Introduction: The distribution of voxel- and connection-based white matter hyper-
intensity (WMH) patterns in early-onset Alzheimer’s disease (EOAD) and late-onset
Alzheimer’s disease (LOAD), as well as factors associated with these patterns, remain
unclear.

Method: We analyzed the WMH distribution patterns in EOAD and LOAD at the
voxel and connection levels, each compared with their age-matched cognitively unim-
paired participants. Linear regression assessed the independent effects of amyloid and
vascular risk factors on WMH distribution patterns in both groups.

Results: Patients with EOAD showed increased WMH burden in the posterior region
at the voxel level, and in occipital region tracts and visual network at the connec-
tion level, compared to controls. LOAD exhibited extensive involvement across various
brain areas in both levels. Amyloid accumulation was associated WMH distribution in
the early-onset group, whereas the late-onset group demonstrated associations with
both amyloid and vascular risk factors.

Discussion: EOAD showed posterior-focused WMH distribution pattern, whereas
LOAD was with a wider distribution. Amyloid accumulation was associated with
connection-based WMH patterns in both early-onset and late-onset groups, with

additional independent effects of vascular risk factors in late-onset group.
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Highlights
1. Both early-onset Alzheimer’s disease (EOAD) and late-onset AD (LOAD) showed
increased white matter hyperintensity (WMH) volume compared with their age-

matched cognitively unimpaired participants.
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1 | BACKGROUND

Early-onset Alzheimer’s disease (EOAD) and late-onset AD (LOAD) are
two subtypes of AD, based on an age cutoff of 65 years.! Both subtypes
show amyloid and neurofibrillary tangles, with EOAD exhibiting a more
widespread frontal and parietal distribution than LOAD.Z3 Regarding
brain connectivity, EOAD tends to exhibit greater involvement of pos-
terior white matter tracts and non-default mode networks,** including
those related to central executive function, language, working memory,
and visuospatial processing. Moreover, clinically, EOAD often presents
with more pronounced deficits in attention, executive function, and

visuospatial ability relative to LOAD.*¢

White matter hyperintensity (WMH), identified as hyperintense
regions in T2 fluid-attenuated inversion recovery (T2-FLAIR) and
T2-weighted magnetic resonance (MR) images,” have been demon-
strated to increase in volume in both EOAD and LOAD, and are
associated with clinical symptom progression.®? However, the etiol-
ogy of WMH in these two subtypes remains unclear. WMH in AD are
often presumed to represent small-vessel ischemic brain injury due
to underlying vascular risk factors including hypertension, diabetes,
and hyperlipidemia.l®11 Nevertheless, a recent comprehensive review
suggested that WMH in AD may have contributions beyond vascular
factors,'? and one community-based study demonstrated that vascular
risk factors contribute to only 1% to 2% of WMH.3 Amyloid accumula-
tion is recently suggested as another potential etiology for WMH.14-17
It has been hypothesized that amyloid could contribute to WMH via its
connected tracts, a process known as Wallerian degeneration.'?

One recent study involving both EOAD and LOAD cohorts sug-
gested that increased WMH volume was related to amyloidosis rather
than to vascular risk factors.'® However, this study did not inves-
tigate the association with WMH distribution at the voxel level. It
is worth noting that previous voxel-based WMH studies found that
WMH in different regions were associated with divergent etiologies,

19-21 \whereas

with periventricular WMH linked to vascular risk factors,
amyloid accumulation was found to be more associated with posterior
WMH distribution.1é22 |n addition, the connection-based mechanism
between amyloid accumulation and WMH suggests that the distribu-
tion of WMH in AD may follow a pattern based on connections within
the brain. This could be assessed by analyzing the streamlines passing
through WMH lesions and examining the connectivity between corti-

cal regions that are disrupted by these lesions. Previous studies have

2. EOAD and LOAD exhibited distinct patterns of WMH distribution, with EOAD
showing a posterior-focused pattern and LOAD displaying a wider distribution
across both voxel- and connection-based levels.

3. In both EOAD and LOAD, amyloid accumulation was associated with connection-
based WMH patterns, with additional independent effects of vascular risk factors
observed in LOAD.

utilized similar methods to evaluate the impact of other lesions, such as
stroke or tumors, on brain connectivity.2324 However, so far, no study
has investigated the connection-based WMH distribution pattern in
EOAD and LOAD.

Therefore, in this study, we aim to investigate distribution patterns
of WMH at both the voxel- and connection-based levels in both EOAD
and LOAD. In addition, we will explore the factors, including amyloid
and vascular risk factors, associated with WMH distribution patterns
in both the early-onset and late-onset groups. We hypothesize that
EOAD may exhibit more restricted WMH distribution patterns. Fur-
thermore, we anticipate that the WMH distribution patterns in EOAD
and LOAD will be associated with different factors, with vascular risk

factors playing a greater role in LOAD.

2 | METHODS

2.1 | Participants

We downloaded the study data from the Alzheimer’s Disease Neu-
roimaging Initiative (ADNI) publicly available database before July
2023. Each participant underwent MRI scanning and neuropsycho-
logical evaluations, with some completing amyloid positron emission
tomography (PET) scanning and phosphorylated tau 181 (p-tau181)
plasma assessment. All participants completed the Mini-Mental
State Examination (MMSE) and Clinical Dementia Scale Sum of
Boxes (CDR-SB) to access general cognitive ability and demen-
tia severity, respectively. Neurologists from multiple sites made
the AD diagnosis. We divided AD patients into EOAD and LOAD
groups (age <65 years and >65 years, respectively). Age-matched
cognitive unimpaired participants were also included. The criteria
for cognitive unimpaired participants are shown in Supplementary
Method 1.

2.2 | Vascular risk factors

Vascular risk factors, including hypertension, diabetes, hyperlipidemia,
smoking, history of ischemic heart disease, and history of stroke, were
recorded as presence (1) or absence (0), according to past medical
histories of each participant in ADNI1, ADNI2, and ADNI3. Detailed

searching methods were provided in Supplementary Method 2.
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2.3 | MRI acquisition

Each participant underwent a 3T MRI scan with the T1-weighted struc-
tural imaging sequence utilized an inverse recovery spoiled gradient
recall (IR-SPGR) protocol, and T2 FLAIR data, which consisted of two
main types, namely axial T2-FLAIR and sagittal three-dimensional (3D)
FLAIR. The acquisition parameters were provided in Supplementary
Method 3.

2.4 | Amyloid PET

Amyloid beta (AB) PET scans were conducted using two radiotrac-
ers (florbetapir or florbetaben). The PET data underwent correction
using the ADNI PET processing pipeline, as outlined previously??; the
detailed processing steps were included in Supplementary Method 4.
In an effort to advance the harmonization of A3 PET, we employed data
from [18F]florbetaben (FBB) and [18F]florbetapir (FBP) to generate
(1) standardized Centiloid (CL) conversions as described previously.2>
In the subsequent sections of this article, we use CL to represent the

relative levels of amyloid.

2.5 | Image preprocessing
N4 bias correction was applied on the T1 and FLAIR images using
the Advanced Normalization Tools (ANTs) package.2 T1 images were
skullstripped using HD-BET.2” Skullstripped T1 images were seg-
mented by FreeSurfer to obtain total brain volume and white matter
volume.?® Skullstripped T1 images were registered to the Montreal
Neurological Institute (MNI) template using rigid registration. The
resulting transform was used to register FLAIR to the template. In
the MNI space, WMH lesions were segmented using HypperMapper.2?
Segmentation results were manually corrected by three experienced
clinicians. Infratentorial WMH segmentations were manually deleted.
T1 images were registered to the MNI template using symmetric
normalization in the ANTs package. To correct for ventricular shape,
white matter (WM) was segmented from the T1 images and MNI tem-
plate using the FAST function from FMRIB Software Library (FSL).3°
WM from T1 was registered to the WM mask of the MNI space using
symmetric normalization. The same transformation was used to warp
the WMH mask.

2.5.1 | Quantification of WMH burden in tracts

For each participant, the tractogram template from the Human Con-
nectome Project3! was superimposed onto the WMH mask in the MNI
space. The burden of WMH ina WM tract was defined as the number of
streamlines passing through WMH lesions in the tract (Figure 1).22 This
was calculated for each of the 66 WM tracts in the tractogram tem-
plate. The higher number of streamlines passing through WMH lesions
indicates a more severe burden of WMH in specific tract, as shown in
Figure 1.

Disease Monitoring

RESEARCH IN CONTEXT

1. Systematic Review: Increased white matter hyperin-
tensity (WMH) volume is shown in both early-onset
Alzheimer’s disease (EOAD) and late-onset AD (LOAD).
With searching of common literature review resources
such as PubMed, we found a discussion on the fac-
tors associated with WMH in AD; however, we did not
identify a comprehensive study on the factors associ-
ated with WMH distribution pattern in EOAD and LOAD
separately.

2. Interpretation: In our study, we present a comprehen-
sive analysis of the WMH distribution pattern in both
voxel- and connection-based levels. Our findings demon-
strated that EOAD displayed a more restricted pattern of
WMH distribution, likely attributed to amyloid accumula-
tion. Conversely, LOAD showed more widespread WMH
distribution patterns, which were associated with both
amyloid and vascular risk factors. Our study indicates
the potential need for different treatment approaches to
WMH in EOAD and LOAD.

3. Future Directions: Longitudinal changes in voxel- and
connection-based WMH distribution patterns and their
related factors are needed to further illustrate the mech-
anism underlying WMH progression in EOAD and LOAD.

252 |
networks

Quantification of WMH burden in brain

The cortex was parcellated into 78 regions using the Human Con-
nectome Project Multimodal parcellation atlas.?? The connectivity
between any two regions is defined as the number of streamlines that
connected both cortical regions and passed through WMH lesions.
Whole brain global efficiency was used to quantify whole brain global
connectivity. Higher global efficiency indicates a more severe burden
of WMH in the network (Figure 1).

WMH burden was also quantified in each subnetwork (default
mode, frontoparietal, ventral attention, dorsal attention, somatomo-
tor, visual, and limbic networks) as defined in the Yeo network
atlas®3(Figure 1), by including only the subnetwork-specific cortical
regions in calculating global efficiency.

2.6 | Statistics

For demographics, amyloid level, and vascular risk factors, the Shapiro-
Wilk test was performed to assess normality. If the variable was
normally distributed, we summarized it using the mean and standard
deviation (SD). For variables not normally distributed, median and

interquartile range were used. To compare the difference in contin-
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FIGURE 1 The workflow of connection-based white matter hyperintensity (WMH) distribution analysis. (A) WMH distribution (top:
participants with minor WMH, bottom: participants with severe WMH). (B) Streamlines passing through WMH lesion. (C) Networks involved by

WMH lesions.

uous variables between AD patients and the age-matched cognitive
unimpaired participants, the independent t-test was used for normally
distributed variables and the Wilcoxon rank-sum test was for non-

normally distributed variables. The chi-square test was performed for
binary variables.

2.6.1 | Comparing voxel- and connection-based
WMH distribution in EOAD and LOAD with the
age-matched cognitively unimpaired participants

For voxel-based WMH distribution analysis, we used the voxel-based
lesion symptom mapping (VLSM) method; only the voxels covered by
WMH lesions in at least 2.5% of the cohort were selected. Logistic
regression was conducted between the presence of WMH lesion and
the diagnosis of AD within these voxels, with age and sex included
as covariates. p-values were adjusted using the Benjamini-Hochberg
method across all tested voxels.

For the analysis of WMH burden in tracts, linear regression was
used to assess the group streamlines difference in each tract, with age
and sex being the covariates and the diagnosis of AD being the inde-
pendent variable. The dependent variable was the streamline number
passing through WMH lesions in a tract. p-Values were adjusted using
Benjamini-Hochberg method across all tracts.

To summarize, the WMH burden across all the WM tracts, prin-

cipal component analysis (PCA) was performed on the number of

streamlines passing through WMH lesions in each WM tract across all
participants in either the EOAD group or the LOAD group (EOAD and
LOAD and their age-matched cognition unimpaired participants). The
first principal component (PC1) served as the summary metric, with the
positive end representing participants with more WMH lesions in the
white matter tracts. We performed a linear regression using PC1 as the
dependent variable, with age and sex as covariates, and the diagnosis of
AD as the independent variable.

For the analysis of WMH burden in brain networks, linear regres-
sion models were employed to explore group differences in network
global efficiency, with age and sex as covariates and the diagnosis of
AD as the independent variable. Both whole brain global efficiency and
each subnetwork global efficiency were sequentially entered as depen-
dent variables. p-Values were adjusted for multiple comparisons across
different network modules using the Benjamini-Hochberg method.

Each of the analyses (VLSM, WMH burden in each tract, PC1
of streamlines passing through WMH in each tract, and WMH bur-
den in brain networks) was repeated to investigate the differences
between EOAD and LOAD. For VLSM analysis, a chi-square test was
performed between the presence of the WMH lesion and the diag-
nosis of AD within these voxels. p-Values were adjusted using the
Benjamini-Hochberg method across all tested voxels. For WMH bur-
den in each tract, PC1 of streamlines passing through WMH in each

tract and WMH burden in brain networks, Shapiro-Wilk test was used
to assess normality. An independent t-test was performed between
for normally distributed variables and Wilcoxon rank-sum test was



HONGET AL. D%%?eoasslé, Ij\-\/lsgflistlglrelﬁtg 50f 12
TABLE 1 Demographic characteristics.
YCU (n=55) EOAD (n=65) p ECU (n=162) LOAD (n=212) p
Age, median (IQR) 61.2(57.5-63.2) 61.9(58.6-63.9) 0.254 76.8(73.1-81.9) 77.3(73.8-81.3) 0.799
Sex (male), n (%) 16 (29.1) 23(35.4) 0.591 83(51.2) 126(59.4) 0.140
Education (years), median (IQR) 16.0(14.0-18.0) 16.0(14.0-18.0) 0.996 17.0(16.0-18.0) 16.0(14.0-18.0) 0.002
APOE ¢4 status
APOE €4+, n (%) 11(20.0) 46 (70.8) 0.001 35(21.6) 150(70.8) <0.001
APOE €4-,n (%) 21(38.2) 17 (26.2) 0.225 127(78.4) 59(27.8) <0.001
No genetics data, n (%) 23(41.8) 2(3.1) <0.001 0(0) 3(1.4) 0.350
Vascular risk factors
Diabetes, n (%) 4(7.4) 6(9.4) 0.960 13(8.0) 19(9.0) 0.893
Hypertension, n (%) 17(31.5) 15(23.4) 0.440 64(39.5) 92(43.4) 0.516
Hyperlipidemia, n (%) 16 (29.6) 20(31.2) 1.000 68(42.0) 105 (49.5) 0.178
IHD, n (%) 0(0) 1(1.6) 1.000 10(6.2) 22(10.4) 0.210
Stroke, n (%) 0(0) 1(1.6) 1.000 0(0) 2(0.9) 0.600
Smoking, n (%) 3(5.6) 3(4.7) 1.000 21(13.0) 27(12.7) 1.000
Amyloid, median (IQR) 7.4(0.9-11.4) 76.9(47.3-99.1) <0.001 3.0(-3.1-9.4) 81.6(58.6-104.3) <0.001
WMH volume (mL), median (IQR) 1.8(0.7-2.6) 3.2(1.7-5.7) <0.001 4.1(2.1-9.4) 8.7 (4.4-16.0) <0.001

Abbreviations: APOE, apolipoprotein E gene; YCU, young cognitively unimpaired; EOAD, early-onset Alzheimer's disease; ECU, elderly cognitively
unimpaired; LOAD, late-onset Alzheimer’s disease; IHD, ischemic heart disease; IQR, interquartile range, WMH, white matter hyperintensity.

used for non-normally distributed variables to compare the difference
between EOAD and LOAD.

2.6.2 | The influence of amyloid and vascular risk
factors on voxel- and connection-based WMH
distribution patterns in the early-onset group and
late-onset group

The analyses of factors associated with voxel- and connection-based
WMH distribution were carried out in the early-onset group (includ-
ing EOAD and its age-matched cognitive unimpaired participants)
and late-onset group (including LOAD and its age-matched cognitive
unimpaired participants) separately. This separation was performed
considering that AD development is a chronic, continuous process.

History of stroke in both groups and history of ischemic heart dis-
ease (IHD) in the early-onset group were not analyzed due to their low
prevalence rate (Table 1).

VLSM was conducted with the same design as described. Logistic
regression was performed with the presence or absence of WMHSs
as the dependent variable. Independent variables included age, sex,
amyloid levels, vascular risk factors such as hypertension, diabetes,
hyperlipidemia, smoking, and history of IHD. p-Values were adjusted
using the Benjamini-Hochberg method across all tested voxels.

For analysis of factors associated with WMH burden in tracts
a linear regression analysis was conducted with age, sex, vascular
risk factors, and amyloid levels as independent variables. PC1 of
streamlines passing through WMHs in each tract was specified as the
dependent variable.

Linear regression analyses were also performed for factors associ-
ated with WMH burden in each network. Age, sex, vascular risk factors,
and amyloid levels were included as independent variables. Whole
brain global efficiency and each subnetwork global efficiency were
entered as dependent variables sequentially.

A separate analysis was performed on the entire cohort (early and
late onset) with the inclusion of an interaction term between age and
amyloid level to investigate if the effect of amyloid on voxel-based
WMH distribution, the PC1 of streamlines passing through WMH in
each tract, and global efficiency in each network could be moderated

by age.

2.7 | Software

Image preprocessing was implemented in python 3.8.6. Voxel-based
lesion symptom mapping was implemented in Julia 1.9.0. WMH con-
nectivity analysis was conducted using Fortran 90 subroutines that
were translated from the Brain Connectivity Toolbox.2” All statistical
analyses were performed in R version 4.2.0. The analysis scripts are
available: https://github.com/Yutong441/ADcon.

3 | RESULTS

3.1 | Cohort selection

Fifty-five young cognitively unimpaired (YCU), 65 EOAD, 162
elderly cognitively unimpaired (ECU), and 212 LOAD were included
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FIGURE 2 Comparison of voxel-based whit matter hyperintensity (WMH) distribution in early-onset Alzheimer’s disease (EOAD; top panel)
and late-onset AD (LOAD; bottom panel) with age-matched cognitively unimpaired participants.

(Figure S1). There was no difference in age and sex between YCU (age:
61.2[57.5-63.2], male: 29.1%) and EOAD (age:61.9 [58.6-63.9], male:
35.4%), and ECU (age: 76.8[73.1-81.9], male: 51.2%) and LOAD (age:
77.3 [73.8-81.3], male: 59.4%) (Table 1). Both EOAD (3.2 [1.7-5.7]
ml vs 1.8 [0.7-2.6] ml, p < 0.001) and LOAD (8.7[4.4-16.0] ml vs. 4.1
[2.1-9.4] ml, p < 0.001) showed significantly increased WMH volume
compared with the age-matched cognitively unimpaired participants.
Other comparison results were shown in Table 1.

3.2 | Distinguishing voxel- and connection-based
WMH distribution patterns in EOAD and LOAD
compared to age-matched cognitively unimpaired
participants

For VLSM analysis, we found that EOAD and LOAD patients have

similar patterns of voxel-based WMH distribution (Figure S2), most

prominently in the periventricular regions and posterior region. Both
EOAD and LOAD showed increased WMH burden in posterior region
bilaterally compared with the age-matched cognitively unimpaired
participants, after adjusting for age and sex (Figure 2). In LOAD, more
significant voxels were identified in the periventricular region in the
frontal lobe (Figure 2).

For analysis of WMH burden in tracts, we found that both EOAD
and LOAD showed significantly different PC1 of streamlines passing
through WMH in each tract compared to their age-matched normal
controls (Table 2). Detailed differences of tracts passing through WMH
were shown in Figure 3. Compared with age-matched cognitively
unimpaired participants, EOAD patients displayed significantly higher
WMH burden in the tracts located at the occipital region (Figure 3),
including the optic radiation bilaterally, anterior commissure, and infe-
rior fronto-occipital fasciculus (Table S1). LOAD patients demonstrated
a more widespread WMH burden among different tracts (Figure 4).

More details of the involved tracts were shown in Table S2.
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TABLE 2 Comparison of networks global efficiency and PC1 of
streamlines passing through WMH lesion in each tract in EOAD and
LOAD with the age-matched cognitively unimpaired participants.

Early onset Late onset
Network global efficiency
Whole brain 041 0.56™**
Default mode 0.17 0.39***
Frontoparietal 0.18 0.48***
Ventral attention 0.27 -0.10
Dorsal attention 0.33 0.31**
Somatomotor 0.40. 0.50"**
Visual 0.81*** 0.67**
Limbic -0.30 -0.31**
Streamlines
PC1 0.20* 0.23**

Note: Adjusted for age and sex.

*** indicates p-value < 0.001; ** indicates p-value from 0.001 to 0.01; *
indicates p-value from 0.01 to 0.05;. indicates p-value from 0.05 to 0.1.
Abbreiviations: PC1, first principle component.

For WMH burden in the brain network analysis, EOAD patients
exhibited significantly higher global efficiency in visual networks com-
pared to the age-matched cognitive unimpaired participants (Table 2).
LOAD patients showed significantly higher global efficiency in whole
brain, default mode, frontoparietal, dorsal attention, somatomotor, and
visual network global efficiency (Table 2), but displayed a lower global
efficiency in the limbic network compared to age-matched normal
participants.

For comparison between EOAD and LOAD, we observed that in
LOAD, more significant voxels were identified in the periventric-
ular region and posterior region compared to EOAD (Figure S3).
Regarding the analysis of WMH burden in tracts, we found that
LOAD exhibited severe WMH burden in tracts compared to EOAD,
as reflected by PC1 of streamlines passing through WMHs in each
tract (EOAD: —10.33 [-13.50 to —47.53] vs LOAD: 13.49 [77.48-
115.44]) (Table S3). In the WMH burden in brain network analysis,
LOAD patients displayed significantly higher global efficiency in whole
brain, default mode, frontoparietal, dorsal attention, somatomotor,
and visual networks. Conversely, EOAD patients exhibited a sig-
nificantly higher global efficiency in the ventral attention network
(Table S3).

3.3 | Effects of amyloid and vascular risk factors
on voxel- and connection-based WMH distribution in
the early-onset group and late-onset group

In our voxel-based WMH distribution analysis, we observed no effect
of amyloid and vascular risk factors on WMH distribution in the
early-onset group. However, in the late-onset group, we found that
the presence of pathologically defined amyloid levels, hypertension,

and smoking was associated with the WMH burden in the brain, as

Disease Monitoring

illustrated in Figure 4. Specifically, hypertension was associated with
increased WMH burden in the anterior horn of the lateral ventri-
cle, whereas smoking and pathologically defined amyloid levels were
related to more widespread WMH (Figure 4).

For WMH burden in tracts analysis, PC1 streamlines passing
through WMH in each tract was significantly associated with only
amyloid (8 = 0.19) in the early-onset group; however, for the late-
onset group PC1 was significantly associated with amyloid (8 = 0.19),
hypertension (8 =0.18), and smoking (8 = 0.16) (Table 3).

For WMHs in the connected network analysis, we found that amy-
loid was positively associated with whole brain global efficiency in
both the early-onset group (3 = 0.20) and late-onset group (8 = 0.25).
In addition, hypertension (8 = 0.16) and smoking (8 = 0.18) were
positively associated with whole brain global efficiency in the late-
onset group. For subnetwork global efficiency analysis, we found that
amyloid was positively associated with only visual network global effi-
ciency (8 = 0.32) in early-onset group. In the late-onset group, we
found that hypertension was positively associated with fronto-parietal
(8=0.19), limbic (3= 0.12), somatomotor (3= 0.12), and visual network
(B = 0.11) global efficiency, and that smoking was positively associ-
ated with default (3 = 0.22), dorsal attention (3 = 0.14), fronto-parietal
(8= 0.14), and visual network (8 = 0.13) global efficiency. However, we
found that hypertension was negatively associated with ventral atten-
tion network global efficiency in both the early-onset (8 = —0.27) and
late onset groups (8 = —0.12) (Table 4).

In the whole cohort analysis, we did not find the significance of
age*amyloid in voxel- and connection-based WMH distribution (Tables
S4 and S5).

4 | DISCUSSION

We have analyzed WMH distribution patterns in EOAD and LOAD
patients at voxel- and connection-based levels. In EOAD patients,
WMH was confined in posterior region tracts and in visual network,
whereas in LOAD, WMH had a broader distribution among multiple
tracts and networks. In both the early-onset and late-onset groups,
connection-based WMH distribution patterns were associated with
amyloid burden, and in the late-onset group, vascular risk factors
had an additional independent effect on voxel- and connection-based
WMH patterns.

The observation that amyloid was associated with connection-
based WMH distribution patterns, including higher WMH burden in
tracts and networks, in both EOAD and LOAD suggested that amy-
loid could contribute to the WMH presence in tracts or networks.
Previous studies have also demonstrated similar findings, indicating
that regional amyloid accumulation in cortical regions could lead to
appearance of WMHs in connected tracts.3*-3¢ Wallen degeneration,
triggered by amyloid accumulation in cortical regions, could dam-
age their connected tracts, subsequently resulting in the presence
of WMHs. This type of WMH is more closely related to secondary
degeneration followed AD pathologies. However, we did not find sig-

nificant age*amyloid interaction effect on connection-based WMH
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FIGURE 3 Comparison of white matter hyperintensity (WMH) burden in tracts in early-onset Alzheimer’s disease (EOAD; top panel) and
late-onset AD (LOAD; bottom panel) with age-matched cognitively unimpaired participants. Note: Only voxels with p < 0.05 were shown.

patterns, indicating that there is no difference in the amyloid effect on
connection-based WMH burden in EOAD and LOAD.

Apart from the effect of amyloid, hypertension and smoking were
associated with increased voxel- and connection-based WMH burden
in LOAD. The voxel-based pattern associated with hypertension
mainly located in periventricular regions, which is consistent with a
previous study analyzing voxel-based distribution of WMHSs in older
communities.?® We did not find the association between vascular
risk factors and voxel-based and most of connection-based WMH
distribution patterns in EOAD. This indicated that WMHs in LOAD
have multiple etiologies compared to thosein EOAD. In LOAD, aging
itself, and also a higher prevalence of vascular risk factors are all risk
factors for vascular-related increased WMH volume.®738 However,
for WMH burden in connection networks, we found that hyperten-
sion was negatively associated with global efficiency in the ventral

network. The ventral network is connected by tracts passing through

the temporal, parietal, and occipital areas.!? Other factors, such as
genetic mutations, which could contribute to WMH increase in these
areas, might help to explain these contradictory results. In addition,
U-fibers, which are spared in vascular disease, also connected cortical
regions within ventral networks.3? This could also explain this negative
result.

Distinct patterns of voxel- and connection-based WMH distribu-
tions in EOAD and LOAD were underlined by different extents of
contribution from amyloid or vascular risk factors. The restricted dis-
tribution in the occipital region, tracts, and visual network in EOAD
may reflect the dominant influence of amyloid independent of vascular
risk factors, in line with one previous genetic EOAD study that reported
increased WMH burden surrounding occipital region.“C In contrast, the
widespread WMH distributions in LOAD could indicate the interplay of
both amyloid and vascular risk factors. This is consistent with a study

focused on pre-dementia populations, which found two components
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FIGURE 4 The effect of amyloid and vascular risk factors on the voxel-based white matter hyperintensity (WMH) distribution. Note: only
significant results and voxels with p < 0.05 were shown.
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TABLE 3 Association of PC1 of streamlines passing through
WMH in each tract with amyloid and vascular risk factors.

Early onset Late onset
Amyloid 0.19* 0.19***
Diabetes 0.06 —0.04
HTN 0.04 0.18***
HL -0.04 0.01
IHD NA —0.03
Smoking 0.01 0.16™*

Abbreviations: HTN, hypertension; HL, hyperlipidemia; IHD, ischemic heart
disease; PC1, first principal component.

Note: Models were adjusted for age and sex, p-values were labeled as:
*0.01-0.05,**0.001-0.01, ***< 0.001, 0.05-0.1.

of WMHs, suggesting the existence of both vascular-dependent and

vascular-independent manifestations of WMHs.22

4.1 | Limitations

The limitation of this study is that both 2D FLAIR and 3D FLAIR images
were included for WMH analysis. Compared with 3D FLAIR, 2D FLAIR
could have missed small WMH lesions in-between the slices and thus
underestimate their impact on the network connectivity. However,
including both sets of images was essential to maintain an adequate

sample size. Furthermore, the diagnosis of AD necessitates both patho-

logical confirmation of positive amyloid levels and clinical diagnosis of
dementia,*! making it difficult to separate the effects of amyloid from
dementia in group comparisons.

5 | CONCLUSION

We explored the distinct patterns of WMH distribution in both voxel-
based and connection-based levels in EOAD and LOAD, and we
investigated their associated etiologies. Our findings indicate that
EOAD displayed a more restricted pattern of WMH distribution, likely
attributed to amyloid accumulation. Conversely, LOAD showed more
widespread WMH distribution patterns, which were associated with
both amyloid and vascular risk factors. Our study suggests the poten-
tial need for different treatment approaches to WMH in EOAD and
LOAD.
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TABLE 4 Association of WMH connected networks with amyloid and vascular risk factors.

Amyloid Diabetes
Early onset
Global 0.20* 0.17
Default mode 0.1 -0.12
Dorsal attention 0.11 0
Fronto-parietal 0.15 0.09
Limbic -0.18 0
Somatomotor 0.18 0.09
Ventral attention 0.08 0.1
Visual 0.32** 0.05
Late onset
Global 0.25** 0
Default mode 0.17** 0
Dorsal attention 0.13* —-0.02
Fronto-parietal 0.21"* —0.02
Limbic -0.16** 0.02
Somatomotor 0.27** —0.08
Ventral attention —0.04 0.07
Visual 0.32* —0.03

HTN HL IHD Smoking
-0.12 -0.03 NA —-0.08
0.07 0.04 NA -0.16
—0.08 0.1 NA —0.13
0 -0.1 NA -0.05
—-0.04 0 NA -0.09
0.06 -0.12 NA -0.09
-0.27* -0.03 NA -0.04
—0.05 0.1 NA —-0.04
0.16** -0.01 —-0.05 0.18*
0.06 0.02 —-0.06 0.22"**
0.08 0.04 -0.09 0.14*
0.19** 0.04 -0.08 0.14*
0.12* 0 -0.01 —-0.08
0.12* -0.07 -0.06 0.10
-0.12* -0.03 0.01 0.03
0.11* -0.07 -0.01 0.13*

Abbreviations: HTN, hypertension; HL, hyperlipidemia; IHD, ischemic heart disease.
Note: Models were adjusted for age and sex, p values were labeled as: *0.01-0.05, **0.001-0.01, *** < 0.001, 0.05-0.1.
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