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Abstract

INTRODUCTION: Physical activity is associated with greater myelin content in

older individuals with cerebral small vessel disease (CSVD), a condition marked by

demyelination. However, potential mechanisms underlying this relationship remain

understudied.

METHODS: We assessed cross-sectionally whether serum high-density lipoprotein

(HDL), low-density lipoprotein, and triglycerides moderated the association between

physical activity and in vivo myelin in older individuals with CSVD and mild cognitive

impairment.

RESULTS: We included 81 highly educated, community-dwelling older individuals

(mean age 74.57 years), 64% of whom were female. Regression models revealed that

HDL levels significantly moderated the relationship between physical activity and

myelin in the sagittal stratum, wherein higher physical activity levels were linked

to greater myelin levels for those with average or high HDL (standardized B [95%

CI]= 0.289 [0.087 to 0.491], p= 0.006).

DISCUSSION: Physical activity may promote myelin health partly through HDL. Data

from longitudinal studies are needed to confirm our findings.
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Highlights

∙ Myelin loss is common in individuals with cerebral small vessel disease (CSVD).

∙ Physical activity was positively associated withmyelin in older adults with CSVD.

∙ High-density lipoproteins (HDL) levels were also positively related tomyelin.

∙ Physical activity effects onmyelin weremoderated by HDL levels.
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1 BACKGROUND

Myelination in the cerebral white matter is essential for effective and

rapid transmission of neuronal activity.1 Age-related and pathological

disruptionof themyelin sheath often results in cognitive and functional

decline.1 Recently, Faulkner and colleagues2 reported that cardiores-

piratory fitness, a measure highly associated with physical activity,

is positively associated with myelin content in a cohort of individu-

als aged 22 to 94 years. We have also shown3 that higher physical

activity levels predicted higher myelin content in white matter tracts

involved in higher-order cognitive function among individuals living

with cerebral small vessel disease (CSVD) and mild cognitive impair-

ment (MCI), a population presenting with high degree demyelination

andwhitematter hyperintensity (WMH) burden.4,5 These findings col-

lectively suggest that being physically active is beneficial for myelin

integrity across young and older individuals, including those at greater

risk of dementia.2,3Although the mechanisms explaining these associ-

ations remain underexplored, it is plausible that the positive effects of

physical activity on myelin are influenced by high-density lipoprotein

(HDL) levels, a type of cholesterol involved in remyelination processes

within the brain.6 It is also plausible that physical activity affectsmyelin

via regulation of low-density lipoprotein (LDL) and triglycerides, which

are involved in the pathological mechanisms underlying the etiology of

cerebrovascular diseases.4,7 To address these hypotheses, we assessed

whether serum levels of HDL, LDL, and triglycerides play a role in the

association between physical activity and myelin in older individuals

living with CSVD andMCI.

2 METHODS

2.1 Study design

We conducted a cross-sectional analysis including data from 81

community-dwelling older individuals living with CSVD and MCI. Par-

ticipants were recruited as a part of a randomized controlled trial,

described previously.8 This study reports on baseline data from the

trial. Included participants had no significant functional impairment

and no prior diagnosis of dementia. All demographic, neuroimaging,

physical activity, and biomarker data included in the study were col-

lected within 2 weeks of each other. Participants were recruited from

The University of British Columbia Hospital Clinic for Alzheimer’s Dis-

ease and Related Disorders, the Vancouver General Hospital (VGH)

affiliated clinics, or from advertisements placed in the community

(newspaper advertisements, flyers, and brochures). Individuals who

were interested in participating were invited for a screening and con-

sent session. This study follows the Strengthening the Reporting of

Observational Studies in Epidemiology (STROBE) reporting guideline.9

2.2 Eligibility criteria

We included individuals aged 50 years or older who: (1) had evidence

of CSVD defined as the presence of WMH on magnetic resonance

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed existing liter-

ature using traditional sources (e.g., PubMed) on how

physical activity, exercise, cardiometabolic health, and

other lifestyle factors influencemyelin in individuals with

cerebral small vessel disease (CSVD). Despite myelin loss

being a feature of CSVD, there is a dearth of research

assessing the influence of lifestyle factors on myelin in

this population.

2. Interpretation: In this cross-sectional analysis, physical

activity and high-density lipoprotein (HDL) levels were

positively related to myelin content in older individuals

with CSVD. However, HDL levels moderated the asso-

ciations between physical activity and myelin. The mod-

erating effect suggests that HDL may play an important

role in the how physical activity preserves or promotes

myelination within the cerebral white matter.

3. Future directions: Further studies are needed to exam-

ine whether physical activity interventions impact myelin

levels in individuals with CSVD and determine whether

observed effects are influenced by changes in HDL levels.

imaging (MRI) or computer tomography scans, identified by expert

assessors (W.A., E.D.) using theFazekas Scale (score≥1)10; (2) hadMCI,

without dementia, defined as a score < 26Montreal Cognitive Assess-

ment (MoCA)11 and a score≥20on theMini-Mental State Examination

(MMSE),12 and (3) lived independently in the community (i.e., no signif-

icant functional limitations). TheMoCA is a highly sensitive and specific

screening tool for MCI in the overall population of older adults.11 A

MoCA score of < 26 has 87% sensitivity and 63% specificity to detect

MCI in older adults with cerebrovascular disease.13 The MMSE score

of ≥20 was used to reduce the possibility of including individuals with

undiagnosed dementia.12

Participants were excluded based on the following criteria: (1) a

history of dementia or any other neurodegenerative conditions (e.g.,

Alzheimer’s disease, Parkinson’s disease, multiple sclerosis); (2) were

taking medications that may negatively affect cognitive function such

as anticholinergics, including agents with pronounced anticholinergic

properties (e.g., amitriptyline), major tranquilizers (typical and atypical

antipsychotics), andanticonvulsants (e.g., gabapentin, valproic acid); (3)

were participating in a clinical drug trial; and (4) had contraindications

toMRI scanning.

2.3 Ethics approval

The study was approved by The University of British Columbia’s Clin-

ical Research Ethics Board (H15-00972) and the Vancouver Coastal

Health Research Institute (V15-00972). All participants provided
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written informed consent in accordance with the Declaration of

Helsinki prior to study enrollment.

2.4 Demographic and clinical characteristics

Global cognitive function and status were ascertained using the

MMSE12 and the MoCA.11 Participant demographic baseline data

included age, sex, weight, height, body mass index (BMI), and educa-

tion. Clinical information was assessed via medical history using the

functional comorbidity index, a measure used estimate the degree of

comorbidity associated with physical functioning.14

2.5 Physical activity levels

We used the Physical Activity Scale for the Elderly (PASE)15 to assess

current physical activity levels in our sample. The PASE is a brief

paper-based questionnaire used to estimate physical activity from

activities commonly performed by older individuals including house-

hold, leisure, and occupational activities. The questionnaire accounts

for frequency, duration, and level of intensity of each activity and the

total score ranges from 0 to 400 or higher. Scores ≤50 suggest limited

physical activity, while 50.1-200 indicates low, and ≥200 indicates

high physical activity levels.16 Overall, the PASE is a brief, valid, and

reliable scale to assess physical activity in community-dwelling older

individuals with acceptable construct validity compared with other

measures.17

2.6 Imaging data collection

We collected MRI data at the UBC MRI Research Centre on either a

3T Philips Achieva (n = 46) or 3T Philips Elition (n = 35) MRI scan-

ner using a sensitivity encoding head coil and parallel imaging. Whole

brainmyelinwater imagingwasperformedusing a48-echo3Dgradient

and spin echo (GRASE) sequence for T2 measurement with the follow-

ing parameters: repetition time (TR) = 1073 ms, echo time (TE) = 8,

16, 24. . .384 ms for a total of 48 echoes, flip angle θ = 90◦, field of

view (FOV) = 230 × 190 × 100 mm3, slice oversampling factor = 1.3,

SENSE = 2, transverse orientation, acquired slices = 20, acquired

voxel = 0.99 × 2.04 × 5 mm3, reconstructed slices = 40, reconstructed

voxel= 0.96 × 0.95 × 2.5mm3.

3D T1-weighted anatomical scans were collected for registrations

and computation of volumetric data (TR = 1800 ms, TE = 3.5 ms,

TI = 800 ms, flip angle θ = 8◦, FOV = 256 × 200 × 170 mm3, trans-

verse orientation, 170 slices, acquired and reconstructed voxel = 1

× 1 × 1 mm3). In addition, 3D T2-weighted scans (TR = 2500 ms,

TE = 363 ms, flip angle θ = 90◦, FOV = 256 × 160 × 256 mm3, sagittal

orientation, 200 slices, acquired voxel=1×1×1.6mm3, reconstructed

voxel = 0.8 × 0.8 × 0.8 mm3), and PD-weighted scans (TR = 3000 ms,

TE = 30 ms, flip angle θ = 90◦, FOV = 250 × 170 × 250 mm3, sagittal

orientation, 170 slices, acquired voxel = 0.99 × 1 × 1 mm3, recon-

structed voxel = 0.98 × 0.98 × 1 mm3) were collected forWMH lesion

assessment and quantification.

2.7 Imaging data preprocessing

Myelin contentwas indexed asmyelinwater fraction (MWF) in the cur-

rent study. Voxel-wise T2-weighted distributions were calculated from

GRASE images using the DECAES software (version 0.5.0).18 Myelin

water fractionmapswere derived from the fraction of T2-weighted sig-

nal within 10 and < 40 ms over the entire T2-weighted distribution.

The T2-weighted signal captured within this time window represent

water molecules trapped within the lipid bilayers of the myelin mem-

brane, and serves as a surrogate measure of myelin content.19 Higher

MWF is indicative of greater myelination within the white matter

with MWF signal showing excellent correlation with histology mark-

ers of myelin.19 We measured myelin in 16 regions of interest (ROIs)

within the Johns Hopkins University white matter atlas. These ROIs

were derived from a highly accurate standard template created at the

UBC MRI Research Centre by Dvorak and colleagues.20 Prior to data

extraction, we performed a series of linear and non-linear registra-

tions to bring the ROIs and myelin maps to participant’s T1-weighted

space.20 Preprocessing and registration steps includedbrain extraction

via HD-BET (version 1.0.0),21 inhomogeneity corrections and within-

participant andparticipant-to-template registrations viaANTs (version

2.4.2).22 Finally, mean MWF values were extracted from each ROI in

the participants’ T1-weighted space using FSL (version 6.0.6).
23

We quantified WMH volume from T2- and PD-weighted scans fol-

lowing previous robust semi-automated segmentation methods.24 A

trainedexpert first identified anddigitallymarked the lesionswith seed

points on preprocessed, co-registered T2- and PD-weighted scans. The

seedpointswere thenprocessedbya customizedParzenwindowsclas-

sifier to estimate the intensity distribution of each lesion.24 From this

method, binary lesion masks were generated and visually inspected

to ensure segmentation accuracy. Edits were applied to fix any obvi-

ous segmentation errors during visual quality assurance by one of the

investigators. The segmented lesions were quantified as WMH vol-

umes in cubic centimeters (cm3) and log-transformed due to skewness.

Additionally, T2- and PD-weighted scans were qualitatively assessed

using the Fazekas Scale10 by two trained experts (W.A., E.D.) to confirm

study eligibility.

We estimated total intracranial volume (ICV) from T1-weighted

images processed in the recon-all pipeline implemented in FreeSurfer

(version 7.1.1), developed at theMartinos Centre for Biomedical Imag-

ing by the Laboratory for Computational Neuroimaging.25 The ICV

data were used account for differences in brain size in our analysis.

2.8 Bloodwork

We conducted blood draws in the Vancouver Coastal Health Research

Institute’s Clinical Research Unit at VGH). Fasting blood samples were

collected in themorning by standard venipuncture andwere processed
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and stored at -80◦Cas plasma, serum, andwhole blood. Serum levels of

total cholesterol, triglycerides, HDL, and LDL were processed using a

standard blood analysis protocol at VGH.8

2.9 Statistical analyses

We performed multiple regression assessing the relationship between

physical activity, lipids, and myelin. The association between physical

activitywithHDL, LDL, and triglycerideswere tested in individualmod-

els adjusting for age, sex, education, BMI, and total cholesterol. We

assessed the relationship between physical activity and myelin con-

tent across three ROIs that we had previously shown a significant

effect.3 These models were adjusted for the influence age, sex, edu-

cation, BMI, ICV, and WMH lesions. For models were HDL, LDL, and

triglycerides were predictors of myelin, we explored the associations

of these measures with myelin content across 16 ROIs.20 These mod-

els were adjusted for age, sex, education, BMI, ICV, WMH lesions,

total cholesterol, and were corrected for multiple comparisons using

the false discovery rate (FDR) method.26 Moderation was tested by

including an interaction term between physical activity and the mod-

erator variable of interest in the models (e.g., physical activity × HDL).

We then performed simple slope analysis to assess the direction of

the moderating effect in significant models by stratifying the mod-

erating variable at the sample mean and 1 SD above and below the

mean. We repeated all myelin content analyses after removing WMH

voxels overlapping with the ROIs, referred to as “normal-appearing”

whitemattermyelin analysis. For all models we further testedwhether

including use of medication for hyperlipidemia (yes or no), history of

self-reported hypertension (yes or no), and diabetes (yes or no) as

additional covariates would change the original findings.

Across all models, two-sided p values < 0.05 were considered sta-

tistically significant. Analyses were performed in R (version 4.4.0, R

Foundation for Statistical Computing, Vienna, Austria) as implemented

in RStudio (version 2024.4.2.764, RStudio Team, Posit Software, PBC,

Boston, MA). We used the packages broom (version 1.0.6), emmeans

(version 1.10.2), ggefects (version 1.7.0), knitr (version 1.47), per-

formance (version 0.12.0), tableone (version 0.13.2), and tidyverse

(version 2.0.0).

3 RESULTS

We phone-screened 573 potentially eligible individuals, 179 passed

initial screening and were invited to an in-person visit. Of these, 16

were not interested in participating in the study, 6 did not have vis-

ible WMH lesions (Fazekas score = 0), 64 were excluded as they did

not meet other study eligibility criteria. Our recruited sample included

93 participants; however, 12 individuals were excluded prior to analy-

sis because of data missingness. Thus, our final models included data

from 81 individuals with complete physical activity, bloodwork, and

MRI data. Demographic and clinical characteristics are presented on

Table 1. Our sample consisted mostly of females, highly educated,

TABLE 1 Demographic and clinical characteristics of study
participants.

Variablesa N= 81

Age, y 74.57 (5.80)

Females, n (%) 52 (64.2)

Education, n (%)

High school or less 13 (16.0)

Some university 17 (21.0)

Trades or professional certificate 6 (7.4)

University degree 45 (55.6)

MMSE, score 27.30 (1.97)

MoCA, score 21.26 (3.36)

Height, cm 163.24 (10.30)

Weight, kg 73.91 (15.71)

BMI, kg/m2 27.68 (5.26)

Functional comorbidity index, median (IQR),

scoreb
3.50 (2.00, 5.00)

Diabetes, Yes, n (%)b 12 (15.0)

Hypertension, Yes, n (%)b 33 (41.2)

Hyperlipidemiamedication, Yes, n (%) 35 (43.2)

Lipids, mmol/L

Total cholesterol 4.90 (1.11)

Triglycerides 1.25 (0.59)

High-density lipoprotein cholesterol 1.67 (0.44)

Low-density lipoprotein cholesterol 2.66 (1.00)

Myelin water fraction, %

All regions-of-interest 12.12 (1.67)

Cingulum 7.03 (1.74)

Corona radiata, anterior 8.27 (1.70)

Corona radiata, posterior 12.07 (1.72)

Corona radiata, superior 12.95 (2.08)

Corpus callosum, body 11.21 (1.65)

Corpus callosum, genu 9.53 (2.00)

Corpus callosum, splenium 14.27 (2.00)

External capsule 5.33 (1.26)

Fornix 14.46 (2.92)

Internal capsule, anterior 11.80 (2.38)

Internal capsule, posterior 18.07 (2.34)

Internal capsule, retrolenticular 12.99 (1.89)

Posterior thalamic radiation 12.88 (1.65)

Sagittal stratum 11.42 (2.09)

Estimated intracranial volume, cm3 1536.73 (166.19)

Whitematter hyperintensities

Volume, median (IQR), cm3 6.16 (4.00, 12.43)

Volume, log-transformed 0.84 (0.41)

Fazekas Scale, median (IQR), score 1.00 (1.00, 2.00)

(Continues)
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TABLE 1 (Continued)

Variablesa N= 81

PASE, score 109.79 (49.15)

Abbreviations: BMI, body mass index; FCI, Functional comorbidity index;

IQR, interquartile range; MMSE, Mini-Mental State Examination; MoCA,

Montreal Cognitive Assessment; PASE, Physical Activity Scale for the

Elderly.
aData presented asmean (SD), unless otherwise stated.
bData not collected for one participant (n= 80).

and living with several comorbidities. WMH lesion load was (median

[interquartile range]) 6.16 cm3 (4.00, 12.43) and Fazekas score ranged

from 1 to 3. The PASE score was (mean [standard deviation]) 109.79

(49.15) indicating low physical activity levels.

Regression models showed that physical activity was positively

associated with serum HDL (standardized B [95% confidence interval

{CI}] = 0.253 [0.037 to 0.470], p = 0.022) but was not associated with

LDL (standardized B [95% CI] = -0.075 [-0.154 to 0.003], p = 0.061)

or triglycerides (standardized B [95% CI] = -0.097, [-0.320 to 0.127],

p = 0.204). Additional adjustment for history of hypertension or dia-

betes, and use of medication for hyperlipidemia did not change these

findings (see Table S1)

Physical activity was also positively associated with myelin content

in regions in which we had previous reported this effect,3 namely the

anterior corona radiata (standardized B [95% CI] = 0.225 [0.004 to

0.445], p = 0.046), genu of the corpus callosum (standardized B [95%

CI] = 0.261 [0.040 to 0.482], p = 0.022), and sagittal stratum (stan-

dardized B [95% CI] = 0.331 [0.114 to 0.549], p = 0.003). Additional

adjustment for history of hypertension or diabetes, and use of med-

ication for hyperlipidemia did not change these findings (see Table

S2)

We report novel findings that higher levels of HDL were associ-

ated with higher myelin content after FDR correction in the body

of the corpus callosum (standardized B [95% CI] = 0.344 [0.096 to

0.592], p = 0.007, q = 0.037), posterior corona radiata (standardized

B [95% CI] = 0.317 [0.097 to 0.537], p = 0.005, q = 0.037), supe-

rior corona radiata (standardized B [95% CI] = 0.324 [0.095 to 0.552],

p = 0.006, q = 0.037), and the superior longitudinal fasciculus (stan-

dardized B [95% CI] = 0.284 [0.072 to 0.495], p = 0.009, q = 0.037).

These associations are illustrated on Figure 1. Additional adjustment

for history of hypertension or diabetes, and use of medication for

hyperlipidemia did not change these findings (see Table S3), No asso-

ciations were observed between LDL or triglycerides with myelin after

FDR correction.

To probe whether HDL moderated the relationship between phys-

ical activity levels and myelin, we conducted an exploratory analysis

by entering physical activity × HDL as an interaction term in our

regression models. We focused on the three ROIs showing an effect of

physical activity of myelin.We found that HDL significantlymoderated

the effect of physical activity on myelin content in the sagittal stratum

(standardized B [95%CI]= 0.289 [0.087 to 0.491], p= 0.006), wherein

higher physical activity levelswere associatedwith highermyelin levels

for individuals with average or high HDL levels but not low HDL levels

(seeFigure2). Additional adjustment for history of hypertensionor dia-

betes, and use of medication for hyperlipidemia did not change these

findings (see Table S4).

Our sensitivity analysis of normal-appearing white matter ROIs

revealed similar findings across all models that included myelin as an

outcome (see Tables S5-S7)

4 DISCUSSION

Findings from pre-clinical, animal studies show that increasing phys-

ical activity via exercise improves myelin health.27 Evidence is still

scarce in humans; however, cross-sectional findings such as reported

by Faulkner and colleagues2 suggest that higher levels of cardiorespi-

ratory fitness are associated with higher myelin content in otherwise

healthy young and older individuals. Our previous results,3 reproduced

in this report, also indicated that higher physical activity levels are

associated with higher myelin content in individuals living with CSVD,

a disease hallmarked by white matter pathology culminating in myelin

loss.4

Building on these findings, we report higher physical activity levels

are associatedwithhighermyelin content in individualswithaverageor

high, but not low, HDL levels. This suggests that HDL is not only asso-

ciated with higher myelin content but may also moderate the impact

of physical activity on myelin. Considering our relatively small sample

size, the moderating effect was primarily confined to the sagittal stra-

tum, a regionwhereinphysical activitywas shown tohave the strongest

effect in our sample. The sagittal stratum is a complex and multilay-

ered white matter bundle involved in visuospatial cognition, language,

and semantic processing.28,29 Whether these effects reflect improved

cognition or physical function remains to be explored.

A potential mechanism to support the moderating role of periph-

eral HDL levels in the physical activity-myelin relationship could be

via modulation of apolipoprotein A-1. As a main protein component

of HDL,30 apolipoprotein A-1 can enter the brain via the blood–

cerebral spinal fluid barrier30 wherein it has neuroprotective effects.

For instance, apolipoprotein A-1 mimetics enhance cholesterol efflux

and increase clearance of myelin-derived lipid debris by macrophages

and microglia, which facilitate remyelination in the rodent brain.6

Exercise is also implicated in remyelination via clearance of myelin-

derived lipid debris,27 suggesting overlapping biological pathways.

Notably, physical activity interventions can increase peripheral levels

of apolipoprotein A-1 in humans.31

We found that HDL was independently associated with myelin

content in the body of the corpus callosum, posterior corona radiata,

superior corona radiata, and superior longitudinal fasciculus. One

possible explanation is that the corona radiata (superior and posterior)

and the superior longitudinal fasciculus are located within regions

commonly presenting with WMH,32 wherein there may be a greater

demand for myelin maintenance or repair via HDL/apolipoprotrein

A-1. Thus, higher levels of HDL would facilitate myelin repair or

maintenance, rendering positive associations between peripheral
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F IGURE 1 High-density lipoprotein levels are positively associatedmyelin content across several white matter regions. Data were converted
to z-scores prior to analysis. Data displayed asmodel residuals accounting for the influence of age, sex, education, bodymass index, total
cholesterol, estimated total intracranial volume, andwhole-brain white matter lesions. Relevant regions of interest are depicted within a standard
magnetic rosonance imaging template used in the study.20
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F IGURE 2 High-density lipoprotein (HDL) levels moderate the association between physical activity andmyelin in the sagittal stratum such
that higher physical activity levels are associated with higher myelin content in individuals with average or high HDL levels, but not in those with
lowHDL levels. Data were converted to z-scores prior to analysis. Associations are adjusted for age, sex, education, bodymass index, total
cholesterol, estimated total intracranial volume, andwhole-brain white matter lesions. The sagittal stratum is depicted in orange within a standard
magnetic resonance imaging template used in the study.20

levels of HDL with myelin content in these regions. Notably, although

normal-appearing white matter surrounding WMH is affected by

the underlying vascular pathologies,33 myelin levels remain stable in

perilesional regions.34 This may explain why after removing WMH

voxels from the white matter ROIs, significant associations between

HDL and myelin content persisted. Regarding the body of the corpus

callosum, previous evidence indicates thatHDL is positively associated

with white matter microstructural integrity in this region,35 which

aligns with our finding. However, other mechanisms must be at play

to explain the associations considering that this region is less often

impacted byWMH.32 This remains be explored future research.

Our study presents some important limitations. Physical activity

was measured subjectively via the PASE, which computes a total

physical activity score considering household, leisure, and occupation

activities; thus, we are not able to accurately determine which types

of physical activity orwhich components (e.g., frequence, intensity, and

duration) would be more strongly related to HDL and myelin content.

Lastly, given the cross-sectional nature of our study, data from longi-

tudinal studies and randomized controlled trials are needed to confirm

our results.

Overall, our findings support the notion that the association

between physical activity and myelin content could be explained, at

least in part, by HDL levels. Future research could test whether phys-

ical activity interventions can causally increase myelin content and

assess whether these effects are mediated by regulation of HDL and

its subcomponent of apolipoprotein A-1.
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