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ARTICLE INFO ABSTRACT
Keywords: Metabolic syndrome (MetS) is a cluster of conditions that affects ~25% of the global population, including excess
Metabolic syndrome adiposity, hyperglycemia, dyslipidemia, and elevated blood pressure. MetS is one of major risk factors not only

White matter for chronic diseases, but also for dementia and cognitive dysfunction, although the underlying mechanisms

:gligisity remain poorly understood. White matter is of particular interest in the context of MetS due to the metabolic
Myelin vulnerability of myelin maintenance, and the accumulating evidence for the importance of the white matter in
the pathophysiology of dementia. Therefore, we investigated the associations of MetS risk score and adiposity
(combined body mass index and waist circumference) with myelin water fraction measured with myelin water
imaging. In 90 cognitively and neurologically healthy adults (20-79 years), we found that both high MetS risk
score and adiposity were correlated with lower myelin water fraction in late-myelinating prefrontal and asso-
ciative fibers, controlling for age, sex, race, ethnicity, education and income. Our findings call for randomized
clinical trials to establish causality between MetS, adiposity, and myelin content, and to explore the potential of
weight loss and visceral adiposity reduction as means to support maintenance of myelin integrity throughout
adulthood, which could open new avenues for prevention or treatment of cognitive decline and dementia.
1. Introduction and abnormal blood cholesterol or triglyceride levels [1]. In addition to
increased risk of cardiovascular disease, type 2 diabetes, stroke, cancer,
Diagnosis of metabolic syndrome (MetS) is defined co-occurrence of and overall mortality [2], MetS is also a known risk factor for Alz-
at least three of the following conditions: excess abdominal fat (visceral heimer’s disease, vascular dementia, and cognitive dysfunction [3,4].
adiposity), elevated fasting blood glucose, elevated blood pressure (BP), About 20-25% of global population is estimated to be affected by MetS
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[5,6], but even a larger number of adults have pre-MetS, defined as
presence at least two of the MetS components [7]. For instance, ac-
cording to the World Health Organization (WHO), worldwide obesity
rates tripled from 1975 to 2016 and 39% of adults were overweight and
13% were obese in 2016 [8]. Thus, MetS needs to be considered not only
as a major public health problem, but also as a major modifiable risk for
dementia. Therefore, this study aimed to understand the association of
MetS with adult brain health.

Brain imaging studies have associated individual MetS components
(i.e., hypertension, obesity, dyslipidemia, glucose intolerance) with
lower global brain volumes, silent infarcts, white matter hyper-
intensities, and reduced gray matter density in adults [9,10]. However,
little is known about MetS in relation to other metrics of brain health.
The brain’s white matter (WM) is of particular interest in the context of
MetS, as the metabolic burden of myelin maintenance and repair makes
WM particularly vulnerable to metabolic, inflammatory, and vascular
stress, which accumulate with age [11] and are aggravated by each of
the MetS components [9]. Indeed, brain tissue of Alzheimer’s disease
patients shows considerable mitochondrial malfunction, impaired en-
ergy metabolism, and chronic oxidative stress [12].

As reviewed by Alfaro et al. [9], MetS diagnosis as well as abnor-
malities of each MetS component have been linked to reduced micro-
structural integrity in multiple WM regions, especially in the
frontotemporal regions, association fibers, and the corticospinal tract as
evidenced by diffusion tensor imaging (DTI). DTI quantifies the overall
magnitude and directionality of water diffusivity within each voxel,
which depends on multiple microstructural white matter properties,
with myelin being just one of them. Accordingly, DTI provides only an
indirect measure of myelin integrity [13]. Therefore, findings linking
MetS to white matter need to be validated using magnetic resonance
imaging (MRI) measures that are more specific to myelin.

Myelin water imaging (MWI) utilizes the short T2-relaxation of the
so-called "myelin water" (i.e., the water molecules between the lipid
bilayers of the myelin sheath, both in myelin’s cytoplasm and in extra-
cellular space within the compacted myelin) to estimate myelin volume
fraction (MWF) per voxel [14]. To date, only one recent study utilized
MWI to understand the association of a single MetS component —
adiposity — with brain’s myelin. Specifically, Bouhrara and colleagues
[15] showed that greater BMI and waist circumference (WC) were both
related to lower myelin content in multiple WM regions in 119 cogni-
tively healthy adults of aged 22-94 years, controlling for age, sex, and
ethnicity. These findings are in line with earlier DTI studies reporting a
negative association between adiposity and DTI measures of WM
integrity [16-20]. Yet, these promising findings need to be replicated in
independent samples and extended to other components of MetS.

Our primary hypothesis was that a greater risk of MetS would be
associated with lower MWF in cognitively and neurologically healthy
adults. Given the selective vulnerability of late-myelinating regions,
known as the “retrogenesis”, “last-in-first-out”, or “development-to-
degeneration” model of selective WM aging [11,21,22], we hypothe-
sized that prefrontal WM and association fibers would exhibit the
strongest negative associations with MetS risk score. In the aforemen-
tioned review of DTI findings [9], multiple studies reported associations
of Met-score or its components in the late-myelinating regions, but the
retrogenesis pattern of selective vulnerability was not discussed. Our
secondary aim was to verify the adiposity-MWF association reported by
Bouhrara et al. [15] using 1) a different method for estimation MWF (i.
e., the ratio of myelin water signal to total water signal based on the T,
distribution), 2) a different data processing method and definition of
WM regions, 3) a different definition of WC (measured at the superior
border of the iliac crest compared to measuring the smallest point be-
tween the last floating rib and the superior border of the iliac crest) and
4) an extended set of covariates (e.g., race, education, and income) that
are known to be associated with the incidence of MetS. Given the earlier
finding that BP explained most of the variance in the association be-
tween adiposity (combined BMI and WC) and DTI-derived fractional
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anisotropy [19], we tested whether the adiposity-MWF relationship is
independent of systolic BP. Finally, we explored bivariate associations
between all MetS components and regional MWF values.

2. Methods
2.1. Participants

Capacity to give informed consent was assessed using the decisional
capacity approach [23] and the study was approved by the Colorado
State University institutional review board. Participants were recruited
from the Fort Collins area using social media (e.g., Nextdoor), word of
mouth, mailing lists of several organizations (e.g., Osher Lifelong
Learning Institute), and posters or flyers at local gyms or community
centers (e.g., Fort Collins Senior Center).

Inclusion criteria included the ability to give informed consent and
age 20-80 years. Exclusion criteria were designed to define homogenous
and neurologically, psychiatrically, and cognitively healthy adult sam-
ple. We used exclusion criteria published in detail for the Human Con-
nectome Project in Aging (HCP-A; [24]). Among the exclusions yielded
by this approach were: a history of neurological and neurodegenerative
diseases (e.g., Alzheimer’s disease and related dementias, moderate to
severe traumatic brain injury, brain tumor, brain surgery, stroke, mul-
tiple sclerosis, Parkinson’s disease, epilepsy); psychiatric disorders (e.g.
schizophrenia, bipolar disorder, substance dependence, severe depres-
sion); substance dependance; hearing or vision impairment, including
macular degeneration; heart attack; thyroid problems; severe organ
disease or failure; genetic disorder such as cystic fibrosis; medicated
migraines; long-term use of steroids or immunosuppressants; changes in
medication in the past year; or MRI safety contraindications (e.g.,
MRI-unsafe metals or devices in the body, moderate to severe claus-
trophobia, pregnancy).

To minimize the risk of inclusion of adults with cognitive impair-
ment, we used a cutoff score of < 30 on modified Telephone Interview of
Cognitive Status (TICS-M) questionnaire during phone screening [25],
followed by in-person administration of the Mini-Mental State Exami-
nation (MMSE) [26], with exclusion resulting from performance one or
more standard deviations below age- and education-based performance
expectations (i.e., norms) [27]; Clinical Dementia Rating (CDR;
excluded if > 0; [28]) and the short form of Geriatric Depression Scale
(GDS-15; excluded if > 10; [29]); and < 9 years of education (to mini-
mize the confounding effect lower educational attainment on MMSE
performance). To further minimize the risk of neurological comorbid-
ities linked with common vascular and metabolic conditions that can
affect healthy WM aging (e.g., early stages of small vessel disease), we
added the following exclusion criteria to the HCP-A list: smoking> 20
cigarettes or joints/month, mean resting systolic blood pressure > 140
[30], body mass index (BMI) > 33 [31,32], and > 2 on the modified
Hachinski ischemic scale [33]. In addition, based on our experience,
exclusion criterion of BMI> 33 helped us avoid situations when a
participant cannot be comfortably placed in the scanner or is at risk of
high specific absorption rate, especially when using work-in-progress
sequences. Finally, participants would be excluded from the analyses
if the anatomical scans would indicate brain abnormality, including, for
example, WM hyperintensity burden greater than typical for partici-
pant’s age, such as indicating vascular dementia.

The data presented here was collected as a part of an ongoing cross-
sectional study and the data for the current analyses were drawn on 14th
November 2022 (see Appendix A for the subject flow). Potential vol-
unteers were screened during a phone interview. Next, if potential
volunteers were qualified, they were scheduled for a 3-hour visit 1
during which we collected: signature of informed consent, MMSE, waist
and hip circumference, ambulatory blood pressure, two cognitive bat-
teries the Virginia Cognitive Aging Project battery (VCAP) [34] and the
NIH Toolbox® Cognition for ages 8+ [35,36] and a brief questionnaire
on health history, lifestyle, socioeconomic factors, and family history of
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dementia. After visit 1 each participant was given an ActiGraph accel-
erometer to wear for 7-10 days (data not reported in the current study)
and to be returned during the MRI session (visit 2), during which we
measured height and weight.

2.2. MRI acquisition

Imaging was performed on a 3T MRI system (Siemens MAGNETOM
Skyra) with a 64-channel RF coil. The acquisition session was part of an
ongoing study and therefore included multiple MRI sequences, of which
the multi-echo T2 relaxation imaging was used in this study. At the time
of data analysis, 96 datasets were collected, out of which six had missing
MWI data due to technical issues. Fluid attenuated inversion recovery
(FLAIR) sequence was used to screen for clinically significant WM ab-
normalities (TE/TI/TR = 387/1800/5000 ms, Field of view (FOV) =
230 mm, resolution = 0.9 mm?, 192 slices, GRAPPA acceleration factor
2). Multi-echo T2 relaxation images were acquired in the transverse
plane with a 3D-gradient and spin-echo (GRASE) sequence. The duration
of the GRASE sequence was 10.03 min (TR = 1000 ms, first TE = 10 ms,
echo spacing = 10 ms, number of echoes = 32, FOV = 240 mm, reso-
lution = 1.9 x 1.9 x 4.0 mm®, 32 slices). Diffusion-weighted images
were acquired using a multi-shell (b = 0,1000, 2000s/mm?) high-
angular-resolution (138 directions) multiband echo planar sequence in
transversal plane (TE/TR = 104.8/3120 ms, FOV = 234 mm, resolution
= 1.8 mm?, 76 slices, multiband acceleration factor = 4, flip angle 79 °,
refocus flip angle 160 °). The scan was repeated for both anterior-to-
posterior and posterior-to-anterior phase encoding directions, each
lasting 7.31 min.

2.3. Image analysis and registration

3D GRASE images were fitted using an in-house script in Matlab
[37]. In brief, we used fitting of multiple exponential functions with
stimulated echo correction using an extended phase graph to generate a
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T, distribution from the multi-echo data. To improve the reliability of
the fitting, we used Tikhonov regularization, which enforces minimum
energy and generates a smooth Ty distribution. Finally, a myelin water
fraction (MWF), which is the ratio of myelin water signal to total water
signal, was calculated at each voxel. We used the integration ranges 10
ms — 40 ms for myelin water pool and 40 ms-2000 ms for the axona-
1/extracellular water pool.

Then, the first echo images from the 3D GRASE acquisition were
linearly registered to the unwarped b = 0 DWI maps (6 degrees of
freedom), and this transformation was then applied to the individual
MWF maps so that they were aligned with the b = 0 images, and,
therefore, with FA images (Fig. 1).

From the pairs of the DWIs acquired with reversed phase-encoding
blips, susceptibility-induced off-resonance field was estimated [38], as
implemented in FSL as topup [39], generating a single corrected (or
unwarped) b = 0 image. Then, the topup distortion correction was
applied using eddy in FSL [40], which also corrected for distortions
related to eddy current and motion. The diffusion tensor model was
fitted to the data using the FSL Diffusion Toolbox v.5.0 (FDT), yielding
the fractional anisotropy (FA) maps. Finally, we used the tract-based
spatial statistics (TBSS) [41] workflow in FSL v6.0.5.2. In brief, this
included: (a) nonlinear alignment of each participant’s FA volume to the
1 x 1 x 1 mm? standard Montreal Neurological Institute (MNI152)
space via the FMRIB58 FA template using the FMRIB’s Nonlinear
Registration Tool (FNIRT, [42]; www.doc.ic.ac.uk/~dr/software), (b)
calculation of the mean of all aligned FA images, (c) creation of the WM
“skeleton” (a representation of WM tracts common to all subjects) by
perpendicular non-maximum-suppression of the mean FA image and
setting the FA threshold to 0.2, (d) perpendicular projection of the
highest FA value (local center-of-tract) onto the skeleton, separately for
each subject, and (e) application of tbss_non_FA procedure to MWF maps
aligned with the unwarped b = 0 images, yielding MWF values projected
on the skeleton. MWF values represent a fraction with the range 0-1. All
steps of image processing and registration for all participants were

Mean
I . MWF
S EE—
apply TBSS non-FA fsimeants | value for

A

N each ROI

Skeletonized MWF

apply transformation

b=0 DWIs with
opposing
PE directions

Corrected b=0 Individual FA map

FAin FMRIB58_FA

ROI masks

N A
Mean FA and WM
skeleton at FA>0.2

Skeletonized FA

Fig. 1. Image processing pipeline. From left to right: First, pairs of b=0 diffusion-weighted images (DWIs) acquired in opposite phase encoding (PE) directions were
subjected to topup in FSL, which resulted in a susceptibility distortion-corrected b=0 images. These corrected images were then averaged and subjected to brain
extraction tool (BET) in FSL to remove non-brain tissue, followed by eddy procedure, yielding unwarped and motion-corrected DWI data. Diffusion tensor model was
then fitted to the data using FSL Diffusion Tool (FDT), followed by the Tract-Based Spatial Statistics (TBSS) procedure, which included non-linear registration to the
FMRIB58_FA template, creation of the sample’s mean FA image, distance map (not shown), the WM skeleton, and, finally, projection of the center-of tract FA values
to the skeleton for all participants. Next, individual GRASE data were fitted to obtain MWF maps. The 1st echo GRASE images were linearly registered to the
corrected b=0 DWIs, and this transformation was then applied to the MWF map. The brain mask (generated during DWI processing) was then applied to the MWF
map aligned to b=0 image to remove non-brain tissue. Next, the brain-extracted MWF maps were subjected to the TBSS non-FA procedure, which applied the
previously estimated nonlinear transformations to the FMRIB58_FA and projected the MWF values on the skeleton. Finally, regional MWF values were obtained by
averaging MWF values within each region of interest (ROI). Example ROIs: BCC: body of CC, GCC: genu CC, SCC: splenium CC; FNIRT: FSL non-linear registra-
tion tool.
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visually inspected in either FSLeyes or by using slicesdir command.

2.4. Regions of interest

To estimate myelin content in the entire WM, we averaged the MWF
values from the entire skeleton for each participant (whole WM). Next,
we extracted mean MWF values from regions (Table 1) representing the
major association, projection, and commissural fibers, as described
previously [43], using the DTI white-matter atlas [44], with the aim to
include the core regions specific to each tract. The corpus callosum was
segmented so that genu representing prefrontal commissural fibers,
body containing premotor, supplementary motor, motor and sensory
fibers, and splenium containing parietal, temporal and occipital con-
nections [45]. The prefrontal WM region was defined asy > 12 in MNI
coordinate space and whole WM included the whole TBSS skeleton. The
cingulum included both the ventral and dorsal segments, and the cor-
ticospinal tract was represented by the core regions of the superior
corona radiata, posterior limb of the internal capsule, and the cerebral
peduncles. The uncinate was probed in the lateral ventral prefrontal
region as well as in the section along the fronto-occipital fasciculus.
Mean MWF was extracted from each region using fslmeants in FSL.

2.5. Indicators of metabolic syndrome risk

Ambulatory blood pressure (BP) was measured during visit 1 (about
2 weeks before MRI during visit 2) using the Bronze Omron upper arm
digital automatic monitor (BP5100). First, the participant was seated
and asked to fill in the study documentation for at least 5 min. Then, a
measurement was taken from both arms, while making sure the
participant is not talking or crossing their legs. The arm with the higher
measurement was noted and chosen for subsequent measurements.
Following the American Heart Association guidelines [46], we recorded
three BP measurements, 1 min apart, using the selected arm. Additional

Table 1
Descriptive statistics.

Min Max M SD
Age (years) 20.0 79.0 52.8 17.7
MMSE 27.0 30.0 29.4 0.7
Education (years) 11.0 22.0 17.0 2.6
Income ($/year) <30.000 >120.000 >120.000* 1.7
Systolic BP 96.2 151.0 121.3 12.3
Diastolic BP 60.0 100.3 78.5 7.2
WC (cm) 70.0 122.0 94.9 11.4
Height (m) 1.52 1.91 1.68 0.1
Weight (kg) 48.1 110.2 71.7 12.5
BMI 19.0 32.7 25.4 3.5
MWF
Whole WM 0.059 0.121 0.090 0.014
Prefrontal WM 0.018 0.106 0.056 0.020
Genu CC 0.019 0.147 0.079 0.027
Body CC 0.030 0.14 0.093 0.021
Splenium CC 0.064 0.180 0.130 0.021
mPFC 0.001 0.114 0.041 0.022
UNC 0.010 0.100 0.035 0.021
SLF 0.066 0.145 0.102 0.017
CING 0.020 0.120 0.065 0.021
FX 0.020 0.110 0.063 0.018
EC 0.011 0.103 0.042 0.019
TEMP 0.025 0.103 0.055 0.016
CST 0.120 0.240 0.165 0.021
ALIC 0.046 0.202 0.113 0.034

Note: N = 90 for all variables. MMSE: mini-mental state examination, BP: blood
pressure, WC: waist circumference, BMI: body mass index, MWF: myelin water
fraction, WM: white matter, CC: corpus callosum, external capsule (EC), fornix
(FX), superior longitudinal fasciculus (SLF), anterior limb of the internal capsule
(ALIC), cingulum bundle (CING), uncinate fasciculus (UNC), WM of the medial
PFC (mPFC), WM of the temporal pole related to inferior longitudinal fasciculus
(TEMP), and corticospinal tract (CST).*Median/mode.
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measurements were taken only if the first two readings differed by > 10
mmHg. We used an average of the last two BP readings to estimate each
individual’s systolic and diastolic BP. Only participants who had mean
systolic BP < 140 were included in this study (those who did not pass
were discontinued and further data was not collected). Participants were
asked to follow their morning routine before coming to visit 1, such as
including breakfast and coffee, to feel comfortable.

WC were collected using measurement tape according to WHO [47]
guidelines. Specifically, the waist was defined as the superior border of
the iliac crest. WC was used to classify participants into lean (< 80 cm
for women, < 94 cm for men), overweight (80-88 cm for women,
94-102 cm for men), and obese (> 88 cm for women, > 102 c¢cm for men;
[48]). Weight and height were collected prior to the MRI scan, using
vertical tape mounted on the wall, and a Rivio electronic personal scale.
BMI was calculated by converting the measurements to metric units and
then dividing the weight of the participant by their squared height. BMI
< 18.5 was classified as underweight, 18.5-25 as healthy weight (lean),
25-30 as overweight, and > 30 as obese [48].

Participants were asked to respond “yes” or “no” to the following
questions: “Has a doctor ever told you your cholesterol level was high?”
and “Has a doctor ever told you your blood sugar levels (glucose) were
high?”.

To assess the continuum of metabolic and cardiovascular risk factors,
we computed a “MetS risk score” as a combination of systolic BP, waist
circumference, BMI, and a history of abnormal blood cholesterol or
fasting glucose results. We found this new approach more suitable in our
healthy (or above average healthy) adult sample that the binary MetS
diagnosis (see Appendix B), given that our study criteria excluded par-
ticipants with stage 2 hypertension (systolic > 140), more severe obesity
(BMI> 33), and elevated ischemic risk. In addition, MetS binary diag-
nosis is designed for people 24 and older [1], yet given the increasing
rates of obesity and cardiovascular disease in the young population and
its importance for brain health, our study included participants of age
20-24. The MetS risk score was computed by adding the z-scored values
of mean systolic BP, WC, BMI, and self-reported history of elevated
cholesterol and sugar (one missing value for WC was replaced with
sample mean). Additionally, we calculated the adiposity score by adding
the z-scored values of BMI and WC, similar to what was done in an
earlier study relating adiposity to DTI measures [19]. Also, given that
BMI and WC showed similar associations with MWF [15], combining the
two measures allowed us to reduce the number of statistical tests.

2.6. Covariates

The prevalence of MetS, obesity, hypertension, diabetes and risks of
cardiovascular diseases varies by race and ethnicity (i.e., lowest among
non-Hispanic whites) and correlates with lower income and lower ed-
ucation [49], especially among women [50]. Thus, we included sex,
years of education, income, race and ethnicity as covariates in all ana-
lyses. Household income information was collected as 1: < $30,000; 2:
$30,000-$50,000; 3: $50,000-$70,000; 4: $70,000-$90,000; 5: $90,
000-$120,000; 6: > $120,000.

2.7. Statistical analyses

Bivariate correlations were used to assess the relationships of MWF
with age and age?. The inclusion of age? as an independent variable is
based on others’ recent observations that myelination follows a
quadratic relationship with age [15,51,52]. As these results are reported
for the future meta-analyses, Table 2 includes raw p-values (not cor-
rected for multiple comparisons). Effect sizes were as considered small
(0.2 < r < 0.3), medium (0.3 < r< 0.5) or large (r > 0.5) for both
correlations and standardized p coefficients in regressions. Next, to test
the main hypothesis that MWF is associated with MetS risk score, we
conducted 14 linear regressions, with regional MWF as the dependent
variable, and age, agez, sex, race, ethnicity, education, income, and
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Table 2
Linear and quadratic associations of MWF with age.
WM region (MWF) Age Age2
Whole WM r —0.16 —-0.20
p 0.128 0.063
Prefrontal WM r —0.33 —0.34
p 0.002 <0.001
Genu CC r —0.46 —0.45
P <0.001 <0.001
Body CC r 0.21 0.20
p 0.042 0.063
Splenium CC r 0.22 0.20
p 0.037 0.054
mPFC r -0.29 —-0.30
P 0.006 0.004
UNC r -0.16 -0.18
P 0.131 0.089
SLF r —-0.22 —0.25
P 0.037 0.020
CING r —-0.22 -0.23
P 0.040 0.027
FX r 0.18 0.17
p 0.089 0.120
EC r 0.33 0.30
P 0.001 0.005
TEMP r -0.19 -0.21
p 0.072 0.047
CST r -0.31 -0.35
14 0.003 <0.001
ALIC r 0.18 0.13
p 0.095 0.207

Note: All correlations were on N = 90; see Table 1 for other abbreviations. P-
values are uncorrected.

MetS risk score as independent variables. In the regression models, to
remove nonessential collinearity between age and age?, the age variable
was centered by subtracting the group mean from each individual value,
and age® was calculated from this centered variable. We reported both
raw and FDR-corrected p-values. Similarly, to test whether adiposity is
associated with MWF, we conducted 14 linear regressions, with regional
MWEF as the dependent variable, and age, agez, sex, race, ethnicity,
education, income, systolic BP, and adiposity score as independent
variables. We used bivariate two-tailed Pearson’s correlations to explore
the associations between WC, BMI, systolic BP and regional MWF, and
independent samples t-test to compare MWF between those with a his-
tory of dyslipidemia or hyperglycemia and those without. All analyses
were conducted in SPSS v.28. and FDR correction was applied using the
Benjamini-Hochberg method. FDR-corrected p-values of 0.05 or smaller
were considered significant.

3. Results
3.1. Sample characteristics

In this sample, 24.4% were men and 75.6% were women. Racial
composition of the sample was 84% White, 1.1% Asian, 1.1% American
Indian/Alaskan, 2.2% “more than one race,” and 2.2% unknown/did not
respond. Next, 91.1% identified as not Hispanic/Latino and 8.9% as
Hispanic/Latino. 40% reported having a history of elevated cholesterol
and 10% having a history of elevated blood sugar. BMI identified 50% of
the sample as lean, 36.7% as overweight, and 13.3% as obese. According
to sex-adjusted WC, 12.2% were lean, 30% were overweight, and 56.7%
were obese. Table 1 describes other sample characteristics.

3.2. Myelin water fraction: age and sex differences

First, we investigated the associations of MWF with age and sex,
given that MWI studies on healthy aging are still scarce. Table 1 reports
mean MWF values for each WM region. Mean MWF was the highest in
the early-myelinating cerebrospinal tract (~16%), and splenium CC,
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and the lowest in the late-myelinating uncinate (~3.5%), medial PFC
(~4.1%) and external capsule (4.2%).

Table 2 shows region-specific linear and quadratic correlations of
MWF with age. Negative associations of medium effect size were
observed in the genu CC, prefrontal WM, corticospinal tract, and medial
prefrontal WM. Negative associations of small effect size were observed
in the whole WM, superior longitudinal fasciculus, cingulum bundle,
and temporal WM. We also observed medium effect size positive asso-
ciations in the external capsule. Together, our findings support using
both age and age? as covariates in the subsequent regression models.

In addition, Appendix C shows mean MWF values for each region,
broken down by age decade, as a reference for future meta-analyses and
comparative studies. Appendix D contains the results of the two-way
ANOVA analyzing the main effects of sex, a decade of life, and sex *
decade interaction, as well as the descriptive statistics for MWF values
broken down by sex and decade. In brief, there was no significant effect
of sex or sex * decade interaction for any of the WM regions. Therefore,
mean MWF values reported in Table 1 and Appendix C represent both
sexes. Similar to the univariate correlations in Table 2, two-way ANOVA
showed a significant effect of age decade, age-related decreases in MWF
in medial prefrontal WM, genu CC, and corticospinal tract, and an in-
crease in MWF in the external capsule.

3.3. Associations of MetS score with myelin water fraction

Table 3 shows regression relationships between MetS score and
MWEF. Medium effect size negative relationships were observed in the
uncinate fasciculus, prefrontal WM, and medial prefrontal WM (Fig. 2),
whereas small effect size negative associations were present in the whole
WM, genu CC, whole WM, fornix, external capsule, corticospinal tract
and the anterior limb of the internal capsule (not significant after FDR
correction).

3.4. Adiposity and myelin water fraction

Table 4 shows the outcomes of the linear regression relating
adiposity to regional MWF, after controlling for age, age?, sex, race,
ethnicity, income, education, and systolic BP. In brief, adiposity showed
large effect size negative association with brain’s myelin in the uncinate,
and medium effects size negative associations in the prefrontal WM,
medial prefrontal WM, genu CC, the external capsule, fornix, and the
whole WM (Fig. 2). There were also negative associations with small
effect size in the superior longitudinal fasciculi and corticospinal tract

Table 3
Associations between MetS and MWF, controlling for age, agez, sex, race,
ethnicity, education and income.

WM region  Std. g t P p FDR- Overall regression
uncorrected  corrected model fit
Adjusted P
R?
Whole WM  -0.22 -1.74  0.086 0.241 0.05 0.132
Prefrontal -0.37  —3.02 0.003 0.021 0.15 0.005
WM
Genu CC -0.27 -235 0.021 0.074 0.23 <0.001
Body CC 0.06 0.42 0.677 0.862 0.01 0.358
Splenium 0.03 0.23 0.822 0.959 0.06 0.115
CcC

mPFC -0.32 -2.62 0.011 0.051 0.17 0.003
UNC -0.47 -394 <0.001 <0.014 0.17 0.003
SLF —0.18 -1.41 0.161 0.282 0.06 0.109
CING 0.09 0.73 0.469 0.730 0.04 0.185
FX -0.28 -212  0.037 0.173 0.01 0.355
EC -0.21 -1.73  0.087 0.203 0.16 0.005
TEMP —0.09 —0.68 0.500 0.700 0.06 0.122
CST -0.25 -2.12  0.037 0.173 0.19 0.002
ALIC -0.21 -1.62 0.110 0.220 0.08 0.058

Note: Degrees of freedom: 8/80.
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Fig. 2. Partial regression plots showing associations of MetS risk and adiposity scores and MWF shown in Tables 3 and 4. The standardized residuals of both predictor
variables (MetS or adiposity) and dependent (regional MWF) were obtained by regressing the variable against age, age?, sex, race, ethnicity, education, and income.

UNC: uncinate fasciculus, PFC: prefrontal WM, mPFC: medial prefrontal WM.

Table 4
Associations between adiposity and MWF, controlling for age, age2, sex, race,
ethnicity, education, income, and systolic BP.

WM region Std. g t Raw p FDR- Overall regression
corrected p model fit
Adjusted p
R2
Whole WM -0.31 —-2.47 0.016 0.112 0.08 0.066
Prefrontal —0.48 —4.18 <0.001 <0.014 0.24 <0.001
WM
Genu CC -0.43 -392 <0.001 <0.014 0.31 <0.001
Body CC —0.11 —0.86 0.395 0.691 0.03 0.231
Splenium -0.11  -0.85 0.397 0.617 0.07 0.109
CcC

mPFC -0.41 -3.62 <0.001 <0.014 0.23 <0.001
UNC —0.55 —4.94 <0.001 <0.014 0.26 <0.001
SLF -0.26 —2.07  0.042 0.147 0.08 0.073
CING -0.10 —-0.75 0.454 0.636 0.03 0.246
FX —0.31 —-2.36 0.021 0.098 0.02 0.332
EC -0.42 -3.70 <0.001 <0.014 0.25 <0.001
TEMP -0.16 -1.25 0.214 0.428 0.06 0.125
CST -0.22 -1.86 0.067 0.188 0.20 0.001
ALIC -0.18 -1.46 0.149 0.349 0.09 0.062

Note: Degrees of freedom: 9/79.

(not significant after FDR correction). Adding systolic BP as an addi-
tional covariate had virtually no effect on the adiposity-MWF associa-
tion (see the model without systolic SB in Appendix F for comparison).

3.5. Exploratory associations

Bivariate 2-tailed correlations between BMI, WC, and systolic BP
revealed a complex pattern of region-specific associations (Table 5). For
both WC and BMI, negative correlations with medium effect size were
observed for fiber tracts and regions associated with the prefrontal
cortex (prefrontal and medial prefrontal WM, genu, genu CC, uncinate),
consistent with the results using the summary adiposity score in Table 4.

Table 5
Exploratory bivariate associations between BMI, WC and systolic BP with MWF.

Regional MWF BMI WwC Systolic BP
wC R 0.65
p <0.001
Systolic BP r 0.32 0.46
p 0.002 <0.001
Whole WM r —0.16 —0.27 —0.08
p 0.129 0.009 0.449
Prefrontal WM r —0.42 —0.45 —0.22
p <0.001 <0.001 0.038
Genu CC r —0.47 —0.44 -0.23
p <0.001 <0.001 0.031
Body CC r 0.08 0.08 0.29
p 0.484 0.451 0.005
Splenium CC r 0.07 —0.003 0.21
p 0.498 0.980 0.047
mPFC r —0.35 —0.45 —0.22
p <0.001 <0.001 0.036
UNC r —0.38 —0.49 —0.22
p <0.001 <0.001 0.035
SLF r —-0.15 -0.25 —0.10
p 0.160 0.017 0.352
CING r —0.04 —0.06 0.01
p 0.711 0.552 0.910
FX r —0.20 -0.13 0.01
P 0.056 0.227 0.936
EC r —0.01 -0.18 0.12
P 0.365 0.096 0.264
TEMP r —0.07 —0.17 —0.09
p 0.507 0.113 0.400
CST r -0.14 —0.26 —-0.24
p 0.196 0.013 0.023
ALIC r —0.06 —0.15 —0.08
p 0.601 0.156 0.457

There were also small effect size negative (and mostly quadratic) asso-
ciations of WC and BMI with myelin in the whole WM, fornix, superior
longitudinal fasciculus, and corticospinal tract. Small effect size
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negative correlations of systolic BP and myelin were observed in the
prefrontal and medial prefrontal WM, genu, genu CC, uncinate, and the
corticospinal tract. In addition, there were small effect size positive as-
sociations between systolic BP and myelin in the body and splenium of
the CC.

For dichotomous variables (history of hyperglycemia or dyslipide-
mia), we performed independent t-tests. In prefrontal WM (p = .007, d
= 0.60), genu CC (p < .001, d = 0.80), and SLF (p = .032, d = 0.49)
participants reporting a history of elevated blood cholesterol had lower
MWF than those without. We found no difference in MWF between those
with a history of elevated blood glucose and those without (all p-values
> 0.150, for details such as descriptive statistics, see Appendix E).

4. Discussion

The current study investigated the associations between MetS and its
components with myelin water fraction in the white matter of cogni-
tively and neurologically healthy adults. Our main findings are: 1) MetS
risk score was correlated with lower MWF in the uncinate fasciculi and
prefrontal WM, controlling for age, agez, sex, race, ethnicity, education
and income; 2) Adiposity, consisting of BMI and WC, was negatively
associated with MWF in the uncinate, prefrontal WM, medial PFC WM,
genu CC, and the external capsule, controlling for age, agez, sex, race,
ethnicity, education and income; and 3) The adiposity-MWF association
was independent of systolic BP. In addition, we reported regional vari-
ability in MWF values, linear and quadratic correlations of MWF with
age, which are consistent with earlier reports using quantitative MRI and
MWI [15,51-54].

4.1. MetS risk scores and MWF in late-myelinating regions

We provide here the first evidence for the association of MetS score
with decreased myelin fraction in healthy adults. This finding is signif-
icant, as it indicates that the previously observed microstructural al-
terations related to MetS diagnosis or its individual components (as
summarized in [9]) are, at least partly, attributed to decreased myelin
content. Our study is, for example, aligned with a previous DTI inves-
tigation that reported a synergistic effect of subclinical elevation in
several MetS risk indicators scores on greater within-person declines in
fractional anisotropy and increases in radial diffusivity in a comparable
sample of healthy adults [55].

The associations were most evident in prefrontal WM and uncinate
fasciculus, an association tract that connects the anterior temporal and
inferior frontal lobes. These tracts are known to be phylogenetically and
ontogenetically late-myelinating. For instance, WM of the temporal and
frontal poles begins to myelinate after the age of two and the most
intensive myelination in the corpus callosum occurs at ages 2-7 [56].
Then, myelination progresses slowly over decades, reaching a peak in
the fourth and fifth decade of life, as estimated with several quantitative
MRI techniques; myelination seems to be especially protracted in the
uncinate fasciculus [52,57].

Late myelinating WM regions are characterized by a lower
oligodendrocyte-to-axon ratio (up to 50-fold) in late-myelinating re-
gions as compared to early-myelinating primary motor and sensory re-
gions, different lipid properties, myelin turnover, and reduced capacity
for myelin repair in late-myelinating regions, as well as thinner and
structurally more vulnerable myelin sheaths, that are more susceptible
to breakdown, as reviewed in [58,59]. Despite the overall lower myelin
content [57] related to smaller axonal diameter [60], the
late-myelinating anterior callosal fibers show the largest investments in
myelination for a given axonal caliber [52]. Here, we provide one of the
first evidence for MetS score, as a combination of metabolic and vascular
risk factors, as a significant contributor to selective vulnerability of
late-myelinating prefrontal and associative WM tracts in healthy adults.

The currently proposed mechanisms of action of MetS on brain tissue
include neuroinflammation, oxidative stress, abnormal brain lipid
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metabolism, or as well as hypoperfusion and impaired vascular reac-
tivity. Furthermore, cerebral blood flow is known to be reduced in MetS
[61], and whole-brain as well as regional cerebral blood flow is known
to correlate with myelin content in healthy adults [62]. Although the
exact mechanisms of action of MetS on myelin are unknown, all of the
above processes limit the ability to maintain energy-dependent pro-
cesses and clear metabolic waste [10] which is of particular importance
for oligodendrocytes due to demands not only of myelination, but also
providing metabolic support to the neurons [63]. For instance, oligo-
dendrocytes deliver glycolysis products for mitochondrial ATP produc-
tion to axons, as well as transport a variety of molecules from their soma
to the periaxonal space via myelinic channels [64]. Oligodendrocytes
are also coupled by gap junctions to astrocytes and, thus, indirectly, to
the blood-brain barrier [63]. Thus, MetS may have a negative impact on
oligodendrocyte function, which impairs not only myelin sheath struc-
ture, but also metabolic support to axons. Whether axonal survival is
also impaired by MetS, needs to be verified using MRI methods allowing
for quantification of axonal content.

The significance of our finding is also related to the high prevalence
of MetS in the population. Our inclusion and exclusion criteria were
stricter than typical for a healthy population, even with regard to gen-
eral health. For example, we disqualified anyone with mean systolic BP
> 140, BMI > 33, or elevated cardiovascular risks. Yet, 22% of our
sample had possible MetS and 31% had possible pre-MetS (see Appendix
B). Given that we did not measure blood glucose and lipids, these per-
centages were likely even higher. Thus, we argue that MetS may be one
of the key modifiable risk factors for the adult WM. Given the increas-
ingly appreciated role of the WM in the pathophysiology of the Alz-
heimer’s disease [59,65], understanding the impact of MetS on WM may
open new avenues for prevention and treatment.

4.2. Adiposity and its components, and MWF

Bivariate correlations showed that both BMI and WC showed over-
lapping, negative associations with MWF, of medium effects size,
consistent with recent findings [15]. BMI and WC were also strongly
associated with each other, which justified combining them in regres-
sion analyses. Regression analyses replicated and extended the previous
findings linking adiposity to MWF [15], despite using different MWI
method (BMC-mcDESPOT vs. GRASE in our study) in an independent
sample, additional covariates, and a different method for extracting
regional MWF values.

The WM regions showing adiposity-MWF association in our study
were restricted to prefrontal regions and late-myelinating association
fibers, as compared with more widespread associations reported by
Bouhrara and colleagues [15]. This could be explained by several dif-
ferences in study methodology. For example, we extracted center-of-the
tract MWF data, which could have overestimated MWF values and
underestimated the effects of MetS and adiposity on myelin (see more on
this in 4.3. Limitations). Next, we used a different definition of WC,
which was defined as the superior border of the iliac crest, where the
abdominal circumference is typically the largest, whereas the World
Health Organization defines the waist circumference as the smallest
point between the last floating rib and the highest point of the iliac crest
which could result in smaller measurements [47]. As a result, our sample
showed a greater discrepancy between WC and BMI classification (BMI:
50% lean, 37% overweight, 13% obese; WC: 12% lean, 30% overweight,
57% obese), which was more aligned in the other sample (BMIL: 43%
lean, 44% overweight, 13% obese; WC: 56% lean, 28% overweight, 16%
obese; [15]). However, when looking at the BMI cutoffs, our samples
look very comparable, which is in line with similar inclusion/exclusion
criteria that were used by both studies. Also, the two studies used
different MWI method: ours was based on myelin water’s shorter T2
signal, whereas the other group multicomponent MRI relaxometry,
known also as steady-state-based MWI. Although both methods have
certain advantages and limitations [14], our findings indicate that both
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methods yielded converging results on associations with WC, BMI, as
well as with chronological age.

The regression analyses using adiposity as an independent variable
showed more widespread and larger effects sizes associations with
myelin (Table 4) than with MetS risk score as the independent variable
(Table 3) and the adiposity-MWF associations were not attenuated by
controlling for systolic BP, despite some spatial overlap in bivariate
correlations with MWF between BMI, WC, and systolic BP (Table 5).
Together, these data suggest that adiposity is an important predictor of
myelin content. This is in agreement with a large body of DTI studies
reporting associations between different measures of adiposity and WM
microstructure [9]. Furthermore, our results add to the ongoing dis-
cussion on the synergistic vs. independent effects of MetS components
on WM. For example, we did not replicate the earlier DTI findings
showing that BP was the only significant correlate of fractional anisot-
ropy [66] or the mediator of adiposity-fractional anisotropy association
[19]. However, this discrepancy regarding BP results could be due to the
MRI methods, with MWF being more specific to myelin and fractional
anisotropy depending on a combination of several microstructural
properties, such as fiber coherence, axonal density, or water content.
Our results were more aligned with an earlier finding of independent
effects of BP, HDL cholesterol, triglycerides, and BMI on WM integrity
measured with magnetization transfer rate, a measure of macromolec-
ular content, which is largely driven by myelin content [67].

While the exact mechanisms linking adiposity to myelin content
remain to be identified, they likely overlap with those mentioned above
for MetS, and include, among others, low-grade chronic inflammation,
disrupted energy balance regulation, abnormal cholesterol profiles and
metabolism, oxidative stress, reduced endothelium integrity, vascular
reactivity, and reduced cerebral blood flow [9]. In an earlier clinical
trial, we have shown that WM microstructure, even in the most
vulnerable prefrontal regions, is malleable by aerobic exercise such as
walking and dance [68,69]. Therefore, our results encourage future
clinical trials that would assess the effects of reducing adiposity — in
particular, visceral adiposity — on myelin integrity, to establish casual
relationships between adiposity and myelin and to test the potential of
weight reduction as a means for protecting the aging WM.

4.3. Sex differences in MWF

Previous reports on sex differences in myelin content have been
inconsistent. For example, using BMC-mcDESPOT to estimate myelin in
106 adults of age 22-94, Bouhrara et al., [70] found trend effects of sex,
suggesting 10% higher myelin in women as compared to men in the
parietal lobe and the body and the splenium of corpus callosum.
Conversely, a study in 801 healthy participants of age 7-84 using R1
relaxation, sensitive to myelin, reported a trend for higher myelin con-
tent in SLF and arcuate fasciculus in men as compared to women [52].
Regarding interactions of age and sex, both studies reported trend re-
sults, suggesting marginally greater reduction in myelin with age in
women as compared to men (in the thalamic radiations, cingulum, SLF,
arcuate and inferior fronto-occipital fasciculus bundle according to [52],
and in whole WM, temporal lobes, the body of corpus callosum the
anterior and the posterior corona radiata according to [62]). Therefore,
our results of no significant sex or sex*age effects on MWF neither
confirm or infirm these earlier studies, but suggest that the effects of sex
on myelin during adulthood may be, overall, marginal.

4.4. Limitations

The main limitation of our study is the self-reported status of a his-
tory of dyslipidemia and hyperglycemia. Such measurement may not
only be inaccurate, but provide only a binary classification, which does
not allow for evaluation of the impact of a range of fasting blood glucose,
cholesterol and triglyceride levels on myelin content. The use of self-
reported data may have introduced bias, as some participants might
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have over- or underreported their condition or might not have been
aware of existing abnormalities in their blood lipids or sugar levels.
However, we would expect that this would underestimate rather than
overestimate the MetS-myelin associations, namely, that our findings
would have greater effects sizes if blood results were available. This may
also explain that in-lab measures (i.e., BP, BMI, WC) showed consistent
associations with MWF, whereas self-reported MetS components (blood
lipid and glucose) did not.

Another possible limitation is that MWF values were affected by
macrostructural changes related to age and MetS individual compo-
nents, such as global brain tissue atrophy, presence of infarcts, silent
strokes, and WM hyperintensities [9,10]. Importantly, we minimized the
impact of cerebrovascular abnormalities on WM microstructure by strict
inclusion and exclusion criteria, which was, indeed, the main reason for
excluding middle-aged to older participants (Appendix A). As a result,
our participants had at most only few punctuate deep WM hyper-
intensities. Second, we used TBSS to align and skeletonize MWF values
in the center of WM tracts. This procedure has been shown to minimize
the impact of age-related atrophy on the extracted values, and also
excluded regions of lower FA such as affected by WMH. This means, the
analysis was performed on the “best looking” voxels. Therefore, we
speculate that the effects of MetS, its components, and age are under-
estimated rather than overestimated in our study. Also, using TBSS was
aimed to minimize the effect of different voxel dimensions in acquisition
of MWF maps and DTI maps (4 mm vs 1.8 mm slice thickness, respec-
tively), although we acknowledge that some partial volume effects are
unavoidable, even when using non-linear registrations.

Finally, our sample size was not large and we performed multiple
inferential tests, which poses a risk of Type 1 error. However, it is
important to note that this study is already a replication and extension of
an earlier study [15], suggesting that the observed effects are unlikely to
be false positives. Also, we refrained from focusing on the p values, even
if FDR-corrected, and focused our interpretations on the effect sizes
[71]. The ultimate test for our findings will be another replication in an
independent sample.

4.5. Conclusions

We have shown that MetS or pre-MetS are prevalent even in an
above-average healthy adult sample, and that both MetS risk score and
adiposity were related to lower myelin content, controlling for the ef-
fects of age, sex, race, ethnicity and socioeconomic factors. Our findings
call for clinical trials that would assess the potential of weight loss and
visceral adiposity reduction as means to support maintenance of myelin
integrity throughout the adulthood. We argue that such studies would be
especially needed in young to middle-aged adults, given the protracted
myelination in the regions affected by adiposity. Namely, MetS- and
adiposity-related processes could interfere with achieving peak myelin
content and integrity in midlife, which could then predispose for
accelerated brain aging and risk of Alzheimer’s disease. Importantly,
decline in cerebral metabolic rate is one of the earliest indicators of
Alzheimer’s disease risk [72], and failure of axonal transport and myelin
repair is increasingly considered as early mechanisms of Alzheimer’s
disease pathophysiology [11,59,65]. Thus, our findings urge identifi-
cation of mechanisms linking MetS components with WM integrity at
molecular and physiological levels, which could open new avenues for
prevention and treatment of cognitive decline and dementia.
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