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Abstract

INTRODUCTION: Neuroinflammation may have sex-specific effects on white matter
injury and impact the development of dementia.

METHODS: Human chitinase-3-like protein-1 (YKL-40) concentrations at baseline
were related to white matter hyperintensity (WMH) volume, free water (FW), and
FW-corrected fractional anisotropy using linear effects models (for cross-sectional
outcomes) and linear mixed-effects models (for longitudinal outcomes), adjusting for
demographic and medical risk factors. Models were repeated with a sex-interaction
term and then stratified by sex.

RESULTS: In stratified analyses, greater baseline YKL-40 concentrations were associ-
ated with increased WMHs in females but not males in the parietal (females p = 0.04;
males p = .34) and temporal lobes (females p = 0.005; males = p = 0.71) longitudinally.
YKL-40 associations with FW and FW-corrected fractional anisotropy were null.
DISCUSSION: Results suggest that neuroinflammation is a sex-specific driver of

WMHs (but not FW) in females. Differential sequelae of neuroinflammation may be

KEYWORDS
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measures.

1 | INTRODUCTION

White matter hyperintensities (WMHs) seen on magnetic resonance
imaging (MRI) are associated with a lower threshold for clinical expres-
sion of Alzheimer’s disease (AD) and related dementias (ADRD)* and a
faster rate of cognitive decline.! Changes in white matter microstruc-
turalintegrity can be detected on diffusion MRI before they can be seen
on conventional T2-weighted MRI sequences. WMHSs and white matter
microstructure provide complementary information for understanding
cerebral white matter injury in aging and disease.

WMHs are often presumed to reflect small vessel cerebrovascu-
lar disease.2 However, in autosomal dominant AD—where amyloid and
tau accumulate at a younger age with fewer co-occurring pathologies
or vascular risk factors—both microstructural damage® and WMHs*
develop before the onset of clinical symptoms, suggesting that white
matter disease may be a pathogenic process closely tied to AD.
However, the relationship between white matter disease and amy-

loid and tau pathology remains unclear. Females seem to have more

one reason that females have a greater burden of WMHs.

aging, Alzheimer’s disease, sex differences, white matter disease

- Cerebrospinal fluid YKL-40 is associated with white matter hyperintensities in
females but not males cross-sectionally and longitudinally.

- Longitudinally, cerebrospinal fluid YKL-40 is associated with white matter hyperin-
tensities in the parietal and temporal lobes, regions that exhibit early pathological
changes in Alzheimer’s disease .

- Cerebrospinal fluid YKL-40 is not associated with white matter microstructural

prevalent WMHs,” a greater accumulation of WMHs over time,® and
lower fractional anisotropy (FA),” often considered a marker of worse
microstructural integrity. Females are also disproportionately affected
by AD,® and differences in white matter burden may contribute to this
disparity. The drivers of white matter damage beyond vascular dis-
ease and the reason for these observed sex differences, are poorly
understood.

Neuroinflammation is a plausible pathway to consider in the devel-
opment of both white matter injury and observed sex differences in
white matter. There are well-established sex differences in immune
function and dysregulation.” Females are disproportionately affected
by autoimmune diseases, and the menopausal transition in mid-life
may make females particularly vulnerable to sequela of inflamma-
tion in aging.l® Although animal models and autopsy studies show
immune cells'112 and inflammatory biomarkers314 at white mat-
ter lesions, clinical research characterizing the association between
biomarkers of inflammation and white matter disease is inconclusive.®

This discrepancy may exist because previous studies have primarily
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used peripheral blood markers of inflammation, ¢ which may not accu-
rately reflect neuroinflammation,'® or have conducted cross-sectional
analyses,'>17:18 which cannot characterize change over time.

Human chitinase-3-like protein-1 (YKL-40) is an established marker
of inflammation expressed primarily by astrocytes in the brain.1? YKL-
40 expression has been shown to correlate with pro-inflammatory
cytokines in animal models, and these cytokines drive YKL-40 upreg-
ulation in human and mouse astrocytes in vitro.2° YKL-40 levels are
elevated in diseases characterized by ongoing inflammation, including
AD.1?21 Some studies, but not all,?? suggest that YKL-40 is associ-
ated with worse white matter microstructure?®2* and WMHs.18:25
Whether sex differences exist in the association between neuroinflam-
mation and white matter disease is unknown.

In this study, we examine cerebrospinal fluid (CSF) YKL-40 in
relation to WMHs and white matter microstructure. To measure
microstructure, we use free-water (FW) elimination, which allows for
the separation of extracellular FW and intracellular (FW-corrected FA)
compartments.2® These metrics correct for partial volume effects and
are more sensitive to abnormal brain aging.?” In addition, we explore
how sex modifies the associations between YKL-40 and white mat-
ter. We hypothesize that higher levels of YKL-40 will be associated
with greater white matter injury in areas vulnerable to AD pathol-
ogy, including the temporal lobe for WMHSs and white matter tracts
shown previously to be affected in AD, focusing on the cingulum,282?
fornix,2”-30 inferior fronto-occipital fasciculus (IFOF),28:31 inferior lon-
gitudinal fasciculus (ILF),2831 and uncinate fasciculus (UF).2% Because
females are disproportionately affected by AD and immune diseases,
we hypothesize that these associations will be stronger in females than

in males.
2 | METHODS
2.1 | Study cohort

As described previously,32 the Vanderbilt Memory and Aging Project is
a longitudinal study investigating vascular health and brain aging. Par-
ticipants were recruited from 2012 to 2014 and were required to speak
English, be >60 years of age, have a reliable study partner, and have
adequate auditory and visual skills. Exclusion criteria included a cogni-
tive diagnosis other than cognitively unimpaired (CU), early mild cog-
nitive impairment (eMCI),33 or MCI 34; heart failure; history of major
psychiatric illness or neurologic disease (e.g., stroke, multiple sclero-
sis); MRI contraindications; head injury with loss of consciousness >5
min; and serious illness that could affect longitudinal participation.
Self-report and medical record review were used to determine exclu-
sion criteria. At study entry, participants completed a comprehensive
evaluation including a physical examination, clinical interview, fast-
ing blood draw, medication review, cardiac magnetic resonance (CMR)
imaging, echocardiogram, multimodal brain MRI, and optional lumbar
puncture.

The current study leveraged data collected at baseline (2012-
2014), 18-month (2014-2016, 3-year (2015-2018), 5-year (2017-
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RESEARCH IN CONTEXT

1. Systematic review: The authors used PubMed and
Google Scholar to review literature that explored the
relationship between neuroinflammation and cerebral
white matter. Although studies have previously explored
the relationship between YKL-40 and white matter, less is
known about sex differences in the association between
neuroinflammation and white matter disease.

2. Interpretation: The association between cerebrospinal
fluid YKL-40 and white matter hyperintensities is modi-
fied by sex, suggesting that neuroinflammation is a sex-
specific driver of white matter hyperintensities in females
but not males.

3. Future direction: Future work should replicate findings
in more diverse cohorts and explore how the association
between neuroinflammation and white matter degrada-
tion relates to cognitive decline.

2019), 7-year (2019-2021), and 9-year (2021-2023) follow-up visits.
For this study, participants were excluded for missing covariates, MRI
outcomes, or CSF biomarker data (Figure S1). The Vanderbilt Univer-
sity Medical Center Institutional Review Board approved the protocol.
Written informed consent was obtained before data collection. Due to
participant consent restrictions in data sharing, a subset of data is avail-
able to others for purposes of reproducing the results or replicating
procedures. These data, analytic methods, and study materials can be

obtained by contacting the corresponding author.

2.2 | Brain MRI

Between 2012 and 2017, participants were scanned at the Vanderbilt
University Institute of Imaging Science on a 3T Philips Achieva sys-
tem (Best, The Netherlands) with an 8-channel SENSE receiver head
coil. In 2017, the system was upgraded to a 32-channel dStream head
coil. Imaging parameters have been outlined previously.3%32 Briefly,
from 2012 through 2021, T4-weighted (repetition time = 8.9 ms, echo
time = 4.6 ms, spatial resolution = 1 x 1 x 1 mm?3), T,-weighted fluid-
attenuated inversion recovery (FLAIR) (repetition time = 1100 ms,
echo time = 121 ms, spatial resolution = 0.45 x 0.45 x 4 mm3), and
diffusion tensor imaging (DTI) along 32 diffusion gradient vectors (rep-
etition time/echo time = 10,000/60 ms, b-value = 1000 s/mm?, spatial
resolution = 2 x 2 x 2 mm?) were acquired as part of a larger multi-
modal protocol. In 2021, T4-weighted (repetition time = 6.5 ms, echo
time = 2.9 ms, spatial resolution = 1 x 1 x 1 mm3) and DTI (repe-
tition time/echo time = 3055/89 ms; b-value: 1000 s/mm?; number
of directions: 32, resolution = 2.3 x 2.3 x 2.5 mm?3) sequences were

updated.
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T, images were post-processed using Multi-Atlas for volumes.3”
FLAIR images were post-processed using the Lesion Segmentation
Tool toolbox for statistical parametric mapping (SPM8), excluding the
cerebellum and brainstem.3¢ Scans were individually reviewed and
manually corrected for any mislabeling. Manual corrections were then
confirmed by a board-certified neuroradiologist blinded to clinical
information (L.T.D.) using the medical image processing, analysis, and
visualization application. Intracranial volume was calculated based
on participant-specific gray matter, white matter, and CSF using T4-
weighed images with SPM8. FLAIR images were segmented into five
regions of interest, including the total brain, frontal lobe, temporal lobe,
parietal lobe, and occipital lobe using a Montreal Neurological Institute
(MN1)305 lobe atlas.3”

As described previously for diffusion images,3%38:3? data were cor-
rected for head motion and eddy currents, and brains were extracted
from the skull. Corrected images were inputted into custom MAT-
LAB code to calculate FW and FW-corrected fractional anisotropy
(FApweorr) Maps.2é The FApwceorr Map was registered to an in-house
template by a non-linear warp using the advanced normalization tools
package.*® Normalization accuracy was manually assessed. This non-
linear warp was then applied to the FW maps. A set of five white matter
tractography templates, including the cingulum, fornix, IFOF, ILF, and
UF, were collated from several well-established templates.30:41-43
Using a region of interest-based approach, FW and FAgyor metrics

were calculated within all five tracts for all participants.

2.3 | Lumbar puncture and biochemical analyses

An optional fasting lumbar puncture was completed at baseline in
a subset of participants.** CSF was collected with polypropylene
syringes from an intervertebral lumbar space with a Sprotte 25-gauge
spinal needle (Teleflex Medical, Wayne, PA, USA). Samples were imme-
diately mixed and centrifuged, and supernatants were aliquoted in
0.5-mL polypropylene tubes and stored at -80°C. Human chitinase-3-
like-protein-1 Quantikine ELISA Kit (R&D Systems, Inc, Minneapolis,
MN, USA) was used to measure CSF YKL-40 concentration in batch.
Samples were analyzed in batch using commercially available enzyme-
linked immunosorbent assays (ELISA; Fujirebio, Ghent, Belgium) to
determine the levels of AB42 (Lumipulse® G S-Amyloid1-42) and AB40
(Lumipulse® G B-Amyloid1-40). Laboratory technicians who were
board-certified and blinded to clinical information processed data.

Coefficients of variation (intra-assay) were <10%.

2.4 | Analytical plan

As described previously,32 covariates were collected at study entry
and selected a priori for their potential to confound analytical models.
Covariates included age, sex, education, race/ethnicity, Framingham
Stroke Risk Profile (FSRP; excluding points for age), cognitive sta-
tus, intracranial volume, and apolipoprotein E (APOE) ¢4 status. APOE

¢4 status was defined as positive (2/e4, £3/¢4, €4/¢4) or negative
(€2/e2, €2/e3, €3/e3). Amyloid positivity was defined as an AB42/40
ratio <0.072.

Data were visually checked for normality, and WMHSs (cm3) were
log-transformed due to the skewed distribution. Prior to analysis, we
applied the Longitudinal ComBat method*® to harmonize our longitu-
dinally acquired DTI metrics. Longitudinal ComBat inputs included the
features to be harmonized (DTI metrics), specification of batch vari-
ables (scanner software and DTI sequence version), and specification
of a linear mixed-effects model.

Linear regression models cross-sectionally related CSF YKL-40 to
log-transformed WMH volumes (total, frontal, parietal, temporal, and
occipital volumes) and white matter tract (cingulum, fornix, IFOF,
ILF, UF) FW and FAgyorr- One outcome was used per model. Linear
mixed-effects regression models related baseline CSF YKL-40 levels to
longitudinal WMH volumes and white matter tract FW and FArpwcorr
using the same covariates plus follow-up time and a YKL-40 x follow-
up time interaction term. One region of interest was tested per model.
Secondary analyses using identical covariates examined sex interaction
effects by assessing YKL-40 x sex in cross-sectional models and YKL-
40 x follow-up time x sex on longitudinal WMH volumes and FW and
FArwcorr for each white matter tract. Models were then stratified by
sex (male, female).

In post hoc analysis, FSRP interaction effects were assessed using
YKL-40 x FSRP in cross-sectional models and YKL-40 x follow-up
time x FSRP on longitudinal WMH volumes. Models were then strat-
ified by FSRP based on median split. A3 interaction effects were
assessed with a YKL-40 x AB4y/40 ratio in cross-sectional models
and YKL-40 x follow-up time x AB45/40 ratio on longitudinal WMH
volumes. Models were then stratified by amyloid status (positive,
negative).

To determine if results were due to statistical outliers, sensitivity
analyses excluded predictor or outcome values >4 SD from the group
mean. Multiple comparison correction was performed per hypothe-
sis using a false discovery rate (FDR) based on Benjamini-Hochberg'’s
procedure.*® Significance was set a priori at p < 0.05. All analyses were
conducted using R 4.3.1 (www.r-project.org).

3 | RESULTS

3.1 | Participant characteristics

The sample included 151 participants (72.3 + 6.4 years at study entry,
32% female, 93% non-Hispanic White, and 33% APOE ¢4 carriers).
Fifty-two percent of participants were CU, and 38% had MCI. The
mean follow-up time was 5.9 + 2.4 years, with a mean of 4.4 visits
up to 9 total years of follow-up. Females had fewer years of edu-
cation (p-value < 0.001), were more likely to be amyloid positive
(p-value =0.004) and smaller intracranial volume (ICV; p-value < 0.001,
Table 1). There were no sex differences in other covariates, YKL-40

concentration, or neuroimaging outcomes.
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Total (h = 151) Males (n = 102) Females (n =49) p-value
Demographic and health characteristics
Age, years 723 + 6.4 723 + 5.9 722 + 7.3 0.67
Race/ethnicity, % non-Hispanic White 93 94 90 0.34
Education, years 16.1 + 2.8 16.6 + 2.5 15.0 + 2.9 <0.001
Diagnosis, % MCI 38 33 47 0.21
APOE €4, % carrier 50 34 16 0.93
Amyloid positive, % 46 38 63 0.004
FSRP, total® 6.1+ 27 58 + 2.5 67 + 3.1 0.12
MoCA, total score 257 + 3.1 258 + 28 254 + 3.6 0.66
Mean follow-up time, years 59+ 24 60 + 23 56 +27 0.3
Antihypertensive medication use, % 46 44 51 043
Diabetes, % 26 18 8 0.84
Current cigarette smoking, % 2 2 0 0.32
Prevalent CVD, % 5 3 2 0.71
Atrial fibrillation, % 6 4 2 0.96
Left ventricular hypertrophy, % 5 2 3 0.18
Intracranial volume, cm? 1409 + 128 1464 + 100 1294 + 98 <0.001
CSF YKL-40, pg/mL 179 + 64 183 + 67 171 + 56 0.35
WMH neuroimaging markers
Baseline white matter lesion volume, cm?® 13.9 + 19.1 13.8 + 20.1 141 + 171 0.89
Baseline log-transformed white matter lesion volume, cm? 2.20 + 0.96 2.20 + 0.95 2.22 + 0.99 0.89
Total WMH annual change, mm?®/year 2240 + 3270 1830 + 2140 3150 + 4830 0.16
Temporal WMH annual change, mm?3/year 98 + 315 60 + 166 181 + 501 0.16
Parietal WMH annual change, mm?®/year 628 + 929 509 + 657 890 + 1322 0.13
Frontal WMH annual change, mm®/year 1230 + 1720 1060 + 1250 1620 + 2430 0.46
Occipital WMH annual change, mm?/year 286 + 748 205 + 551 464 + 1048 0.15
DTI neuroimaging markers®
Cingulum FW annual change 0.007 + 0.005 0.007 + 0.005 0.007 + 0.007 0.62
Cingulum FAgyorr annual change —-0.004 + 0.004 —-0.003 + 0.003 —-0.004 + 0.004 0.86
Fornix FW annual change 0.007 + 0.006 0.007 + 0.005 0.007 + 0.007 0.98
Fornix FAgywcorr annual change —0.004 + 0.005 —-0.005 + 0.004 —-0.003 + 0.007 0.98
ILF FW annual change 0.005 + 0.006 0.005 + 0.005 0.006 + 0.006 0.33
ILF FAgwcorr @annual change —0.005 + 0.004 —0.005 + 0.004 0.005 + 0.005 0.98
UF FW annual change 0.006 + 0.006 0.006 + 0.006 0.006 + 0.006 0.32
UF FARwcorr @annual change —0.003 + 0.005 —-0.004 + 0.004 —-0.002 + 0.006 0.27
IFOF FW annual change 0.007 + 0.006 0.008 + 0.005 0.006 + 0.007 0.84
IFOF FARwcorr @annual change —0.005 + 0.004 —0.005 + 0.004 —0.005 + 0.005 0.98

Note: Values denoted as mean + standard deviation or frequency.

Bold font indicates p-value < 0.05.

Abbreviations: APOE, apolipoprotein E; CVD, cardiovascular disease; FSRP, Framingham Stroke Risk Profile; ILF, inferior longitudinal fasciculus; IFOF, inferior
fronto-occipital fasciculus; UF, uncinate fasciculus; WMH, white matter hyperintensity; YKL-40, Human chitinase-3-like-protein-1.

2A modified FSRP score excluded points assigned to age.

bFree-water and free-water corrected fractional anisotropy are unitless measures.
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TABLE 2 Baseline YKL-40 concentration associations with WMH
volumes.

B 95% Cl p-value pFDR

Cross-Sectional

Whole brain —-0.00012 -0.00238,0.00214 .92 0.95
Temporal lobe 0.00080 —0.00045,0.00205 .21 0.95
Parietal lobe —0.00009 -0.00242,0.00225 .94 0.95
Frontal lobe —-0.00031 -0.00248,0.00186 .78 0.95
Occipital lobe 0.00005 —-0.00152,0.00162 .95 0.95
Longitudinal

Whole brain 0.00483 —0.00062,0.01028 .08 0.14
Temporal lobe 0.00029  —0.00005,0.00063 .09 0.14
Parietal lobe 0.00171 —0.00007,0.00349 .06 0.14
Frontal lobe 0.00252 —-0.00059,0.00563 .11 0.14
Occipital lobe 0.00020 —0.00067,0.00107 .65 0.65

Note: Models were adjusted for age, sex, education, race/ethnicity, APOE ¢4
status, Framingham Stroke Risk Profile (excluding points assigned for age),
cognitive status, and intracranial volume. For cross-sectional analyses, the
parameter estimate (B) indicates the degree of change in outcomes per 1
unit increase in YKL-40. For longitudinal analyses, the parameter estimate
(B) is interpreted as the annual changes of outcomes associated with 1 unit
change in YKL-40.

Abbreviations: APOE, apolipoprotein E; Cl confidence interval; pFDR, false
discovery rate corrected p-value; WMH, white matter hyperintensity; YKL-
40, Human chitinase-3-like-protein-1.

3.2 | YKL-40 and white matter hyperintensities

At baseline, there were no cross-sectional associations between CSF
YKL-40 concentration and WMH volumes (p-values > 0.20, Table 2).
YKL-40 interacted with sex on total, parietal, and frontal WMH vol-
umes (p-values < 0.05, Figure 1). Higher CSF YKL-40 concentrations
were cross-sectionally related to greater total and all lobar WMH
volumes in females (p-values < 0.04, Table 3) but not males. All
cross-sectional associations persisted after the FDR correction and
outlier exclusion except for the YKL-40 x sex interaction on parietal
lobe WMHs, which was modestly attenuated (pFDR-value = .07). In
post hoc analysis, YKL-40 interacted with FSRP on temporal, parietal,
and occipital WMH volumes (p-values < 0.03, Table S1), which per-
sisted after FDR correction (p-values = 0.045) and outlier exclusion
(p-values < 0.02; data not shown). There were no significant associa-
tions in stratified models (p-values > 0.05; Table S1). YKL-40 did not
interact with CSF Ag (Table S2).

Inlongitudinal analyses, higher baseline CSF YKL-40 concentrations
were not significantly associated with WMH volumes (p-values > 0.06;
Table 2). YKL-40 interacted with sex on temporal lobe WMH volume
only (p-value = 0.007; Figure 2), which persisted after FDR correction
but not outlier exclusion (data not shown). In stratified analyses, higher
CSF YKL-40 concentrations were associated with the progression of
whole brain, temporal, and parietal lobe WMHs over time in females
only (p-values < 0.04, Table 3). The temporal lobe association persisted

after FDR correction (pFDR-value =.02) but not outlier exclusion (data

not shown). Whole brain and parietal lobe associations were attenu-
ated after FDR correction (pFDR values > .07) but not outlier exclusion
(data not shown). In post hoc analysis, YKL-40 did not interact with
FSRP (Table S1) or CSF A on WMH volumes longitudinally (Table S2).

3.3 | YKL-40 and white matter microstructure
Cross-sectionally, there was no association between CSF YKL-40 con-
centration and FW or FAgycorr Metrics (Table 4). YKL-40 interacted
with sex on FW in the fornix (p-value = 0.01). Higher YKL-40 concen-
trations were associated with lower fornix FW and FAgy o in females
(p-values < 0.04) but not males (p-values > 0.27, Table S3). These
associations were attenuated by the multiple comparison corrections
(pFDR-values > .22).

Higher baseline CSF YKL-40 concentration was longitudinally asso-
ciated with increased FApwcorr in the cingulum (p-value =0.01; Table 4),
but this association did not survive FDR correction (pFDR-value =.13).
YKL-40 interacted with sex on the cingulum FW metric (p-value = 0.04,
Table S4), which persisted after outlier exclusion but not FDR cor-
rection (pFDR-value = .26). In males, higher baseline YKL-40 con-
centration was associated with increased FAgryco in the cingulum
(p-value = 0.04), which did not persist with FDR correction (pFDR-
value = .15) or outlier exclusion (data not shown). Higher baseline
YKL-40 concentration was associated with increased FW in the ILF
(p-value = 0.01) and UF (p-value = 0.04) in males. These effects were
attenuated with FDR correction (pFDR-values > .10) but not outlier
exclusion (data not shown).

4 | DISCUSSION

This study aimed to better understand the association between neu-
roinflammation and white matter macrostructure and microstructure
and how these associations may differ by sex. We found that among
community-dwelling older adults, CSF YKL-40, a marker of neuroin-
flammation, interacted with sex on the parietal and frontal lobe WMHs
cross-sectionally and the temporal lobe WMHs longitudinally. In strat-
ified analyses, greater YKL-40 concentrations were associated with
increased WMH volume in females but not males. This female-specific
association was observed cross-sectionally in all lobes and related to
longitudinal progression of WMHs in the parietal and temporal lobes.
YKL-40 associations with FW and FAgycorr microstructural metrics
were null. Our work adds to the field by showing that neuroinflamma-
tion relates to the presence and exacerbation of WMHSs over time in
females but not males.

We expand on previous work that has shown an association
between YKL-40 and WMHs'82> by characterizing WMH volume by
lobe and exploring sex differences in an aging population. Although
the etiology of WMHs is not fully understood, our study suggests
that neuroinflammation is a sex-specific driver of WMHs in females.
Although vascular disease risk, assessed using FSRP, did modify the

relationship between YKL-40 and WMHs cross-sectionally, there was
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FIGURE 1 YKL-40 x sex interactions on baseline white matter hyperintensity volume. Lines reflect predicted values of white matter
hyperintensity volume corresponding to YKL-40 concentration. (A) Total white matter hyperintensity volume. Interaction p = 0.01. (B) Parietal
lobe white matter hyperintensity volume. Interaction p = 0.048. (C) Frontal lobe white matter hyperintensity volume. Interaction p = 0.02. CSF,
cerebrospinal fluid; WMH, white matter hyperintensity; YKL-40, Human chitinase-3-like-protein-1.

no significant interaction longitudinally, suggesting that cerebrovas-
cular disease may not account for the association between YKL-40
and WMHs that was observed. Although WMHs are often presumed
to reflect cerebral small vessel disease,?
distinct white matter abnormalities in AD.*” Of interest, longitudinal

associations in females were seen in the temporal and parietal lobes,

emerging evidence highlights

regions that exhibit early pathological changes in AD. Whether neu-
roinflammation is a cause or consequence of amyloid and tau pathology
is debated.*® We found that amyloid status did not modify the associa-
tion between YKL-40 and WMHSs. However, we were unable to explore
whether amyloid positivity modifies the relationship between YKL-
40 and WMHs in females due to our sample size. Inflammation may
contribute to WMH development independently of amyloid, through
mechanisms like endothelial dysfunction, or could interact with amy-
loid later in the disease as amyloid and tau burden increases. Further
work is warranted to determine if the presence of amyloid and tau
modifies the association between YKL-40 and temporal and parietal
lobe WMHs in females. Several of these associations were attenu-
ated with outlier exclusion, suggesting that this association may not
be present when only modest neuroinflammation or WMH burden
occurs. It may be that YKL-40 concentrations over a critical value cause
an inflammatory cascade resulting in white matter disease onset or

progression.8 Alternatively, the etiology of severe WMH burden may

relate to neuroinflammation and differ from the etiology of mild or
moderate WMH burden. Some results were attenuated after correc-
tion for multiple comparisons; however, females are disproportionately
affected by WMHSs>¢ and AD,® so our results showing a stronger asso-
ciation between neuroinflammation and white matter hyperintensities
in females are biologically plausible.

Our study suggests that the relation between neuroinflammation
is different with white matter microstructure versus WMHs. Specif-
ically, sex differences in YKL-40 associations with DT metrics were
modest and did not survive multiple comparison corrections or out-
lier exclusion. Although evidence suggests that changes in DTI metrics
are associated with the subsequent development of WMHs,*? the eti-
ology underlying white matter microstructure changes may differ from
that of WMHSs. Additional research is needed to understand the drivers
of white matter microstructure change. Although additional work is
needed, this study highlights YKL-40’s clinical relevance as a possi-
ble female-specific biomarker for the risk of WMH development and
progression. Alzheimer’s disease (or AD) is driven by multiple patholo-
gies, and as such, a combination of therapies will likely be necessary for
effective treatment. As new therapies become available, YKL-40 could
be integrated into a precision medicine framework, helping to identify
women at risk for white matter disease and guide the selection of the

most appropriate combination of treatments.
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TABLE 3 Baseline YKL-40 x sex interactions on baseline and longitudinal WMH volumes.

Baseline WMH Volumes

Longitudinal WMH Volumes

B 95% Cl p-value
YKL-40 x Sex Interaction
Whole Brain 0.00637 0.00140,0.01134 0.01
Temporal Lobe 0.00260 —0.00018,0.00537 0.07
Parietal Lobe 0.00522 0.00005, 0.01040 0.048
Frontal Lobe 0.00588 0.00110,0.01066 0.02
Occipital Lobe 0.00317 —0.00031, 0.00665 0.07
Females
Whole Brain 0.00556 0.00128,0.00985 0.01
Temporal Lobe 0.00317 0.00073,0.00561 0.01
Parietal Lobe 0.00498 0.00064,0.00931 0.03
Frontal Lobe 0.00451 0.00024, 0.00878 0.04
Occipital Lobe 0.00316 0.00062,0.00570 0.02
Males
Whole Brain —0.00208 —0.00482,0.00065 0.13
Temporal Lobe —0.00020 —0.00173,0.00133 0.79
Parietal Lobe —-0.00191 —0.00477,0.00095 0.19
Frontal Lobe —-0.00221 —0.00485,0.00043 0.10
Occipital Lobe —0.00068 —0.00265,0.00129 0.50

pFDR B 95% Cl p-value pFDR
.04 0.01156 —0.00003,0.02314 0.05 13
.07 0.00117 0.00032,0.00202 0.007 .04
.07 0.00289 —0.00079,0.00656 0.12 15
.04 0.00588 —0.00095,0.01272 0.09 15
.07 0.00084 —0.00130,0.00298 0.44 44
.03 0.01705 0.00152,0.03259 0.03 .08
.03 0.00269 0.00085,0.00454 0.005 .02
.03 0.00492 0.00010, 0.00973 0.04 .08
.04 0.00750 —0.00127,0.01628 0.09 12
.03 0.00073 —0.00170,0.00317 0.55 .55
31 0.00136 —0.00354,0.00626 0.59 .85
79 0.00006 —0.00027,0.00040 071 .85
31 0.00083 —0.00088,0.00253 0.34 .85
31 0.00076 —0.00218,0.00371 0.61 .85
62 0.00010 —0.00089,0.00109 0.85 .85

Note: Analyses performed on all participants (n = 151) and subsequently stratified by sex for females (n = 49) and males (n = 102). Models were adjusted
for age, sex, education, race/ethnicity, APOE -¢4 status, Framingham Stroke Risk Profile (excluding points assigned for age), cognitive status, and intracranial
volume. For baseline WMH volume, the interaction term was YKL-40 x sex. For the sex interaction model, the parameter estimates (g) are for the YKL-40 x sex
interaction term and interpreted as the difference in degree of change in outcomes between male and female participants associated with one unit change in
YKL-40. For stratified models by sex, the parameter estimate (8) indicates the degree of change in outcomes per one unit increase in YKL-40. For longitudinal
WMH volume, the interaction term was YKL-40 x time x sex. For the sex interaction model, the parameter estimate (8) is for the YKL-40 x time x sex interaction
term and is interpreted as the difference in annual changes of outcomes between male and female participants associated with a one unit change in YKL-
40. For stratified models by sex, the parameter estimate (f) is for the YKL-40 x time interaction term and is interpreted as the annual change of outcomes

associated with one unit change in YKL-40.
Bold font indicates p-value < 0.05.

Abbreviations: APOE, apolipoprotein E; Cl, confidence interval; pFDR, false discovery rate corrected p-value; WMH, white matter hyperintensity; YKL-40,

Human chitinase-3-like-protein-1.

This study has several strengths, including the longitudinal design
over a mean 5.9-year follow-up period in a well-characterized
community-based cohort. We used CSF YKL-40, a more local measure
of neuroinflammation than plasma biomarkers, which can be of periph-
eral origin and affected by other systemic diseases. Furthermore, all
CSF samples were processed in a core laboratory using quality control
procedures. We leveraged high-resolution white matter tractography
templates and used FW post-processing, which allowed for the sep-
aration of extracellular and intracellular components of the diffusion
imaging, thereby reducing partial volume confounding that occurs
with conventional diffusion MRI metrics. Nevertheless, this study
had several limitations. Participants were predominantly non-Hispanic
White, well-educated, and with limited prevalent cardiovascular dis-
ease. Although this study population may limit generalizability, the
association between neuroinflammation and white matter changes

would likely be stronger in a less healthy cohort, which is partly sup-

ported by our sensitivity analyses for which findings were attenuated
when excluding outliers. White matter tracts in this study were chosen
a priori based on vulnerability to AD.27-29:3150 Fyrther work is nec-
essary to characterize the relation between YKL-40 and other tracts.
In addition, multiple comparisons in our study raise the possibility of
false positives. Although this possibility was mitigated with FDR cor-
rection, replicating these analyses in a larger, more ethnically, racially,
and medically diverse cohort is needed.

The current study demonstrates associations between YKL-40 and
WMHs that were present in females but not males. This study adds
important insight into why females are disproportionately affected
by WMHSs and AD and highlights the importance of further exploring
the effects of neuroinflammation in neurodegeneration. Future work
should replicate findings in more diverse cohorts and explore how the
association between neuroinflammation and white matter degradation

relates to cognitive decline.
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TABLE 4 Association between baseline YKL-40 and DT| measures.

Disease Monitoring

Free-water Free-water Corrected FA

B 95% ClI p-value pFDR B 95% ClI p-value pFDR
Cross-Sectional
Cingulum 0.00002 —0.000038,0.000088 0.44 0.67 0.00000 —0.000047,0.000040 0.87 0.87
Fornix —0.00003 —0.000122,0.000065 0.55 0.67 —0.00004 —0.000094,0.000015 0.15 0.51
ILF 0.00002 —0.000052,0.000089 0.60 0.67 0.00001 —0.000035,0.000064 0.57 0.67
UF 0.00006 —0.000007,0.000137 0.08 0.45 0.00002 —0.000025,0.000071 0.35 0.67
IFOF 0.00007 —0.000011,0.000159 0.09 0.45 —0.00001 —0.000064,0.000037 0.60 0.67
Longitudinal
Cingulum 0.00000 —0.000007,0.000011 0.64 0.71 0.00001 0.000001,0.000013 0.01 0.13
Fornix 0.00000 —0.000004,0.000015 0.28 0.40 0.00000 —0.000009, 0.000004 0.53 0.67
ILF 0.00001 —0.000001, 0.000018 0.08 0.34 0.00000 —0.000002, 0.000008 0.24 0.40
UF 0.00001 —0.000004, 0.000017 0.21 0.40 0.00000 —0.000001, 0.000010 0.14 0.34
IFOF 0.00000 —0.000009,0.000012 0.78 0.78 0.00001 —0.000001, 0.000013 0.12 0.34

Note: Models were adjusted for age, sex, education, race/ethnicity, APOE &4 status, Framingham Stroke Risk Profile (excluding points assigned for age), and
cognitive status. For cross-sectional analyses the parameter estimates (j) indicate the degree of change in outcomes per one unit increase in YKL-40. For
longitudinal analyses the parameter estimates (g) are for the YKL-40 x time interaction term and interpreted as the annual changes of outcomes associated

with one unit change in YKL-40.
Bold font indicates p-value < 0.05.

Abbreviations: APOE, apolipoprotein E; Cl, confidence interval; DT, diffusion tensor imaging; FA, fractional anisotropy; IFOF, inferior fronto-occipital fasci-
culus; ILF, inferior longitudinal fasciculus; pFDR, false discovery rate corrected p-value; UF, uncinate fasciculus; YKL-40, Human chitinase-3-like-protein-1
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FIGURE 2 YKL-40 x Sex x time interaction on annual change in
temporal lobe white matter hyperintensity volume. Lines reflect
predicted values of change in temporal lobe white matter
hyperintensity volume corresponding to baseline YKL-40
concentration. Interaction p = 0.007. CSF, cerebrospinal fluid; WMH,
white matter hyperintensity.
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