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ARTICLE INFO ABSTRACT
Keywords: As the emerging treatments that target grey matter pathology in Alzheimer’s Disease have limited effectiveness,
Axons there is a critical need to identify new neural targets for treatments. White matter’s (WM) metabolic vulnerability

White matter makes it a promising candidate for new interventions. This study examined the age and sex differences in es-

f\\/[g; :gn timates of axonal content, as well the associations of with highly prevalent modifiable health risk factors such as

Metabolic syndrome metabolic syndrome and adiposity. We estimated intra-axonal volume fraction (ICVF) using the Neurite Orien-

Obesity tation Dispersion and Density Imaging (NODDI) in a sample of 89 cognitively and neurologically healthy adults

Adiposity (20-79 years). We showed that ICVF correlated positively with age and estimates of myelin content. The ICVF

BMI was also lower in women than men, across all ages, which difference was accounted for by intracranial volume.
Finally, we found no association of metabolic risk or adiposity scores with the current estimates of ICVF. In
addition, the previously observed adiposity-myelin associations (Burzynska et al., 2023) were independent of
ICVF. Although our findings confirm the vulnerability of axons to aging, they suggest that metabolic dysfunction
may selectively affect myelin content, at least in cognitively and neurologically healthy adults with low meta-
bolic risk, and when using the specific MRI techniques. Future studies need to revisit our findings using larger
samples and different MRI approaches, and identify modifiable factors that accelerate axonal deterioration as
well as mechanisms linking peripheral metabolism with the health of myelin.

Introduction [1]. Therefore, there is a critical need to identify new neural targets for

future treatments, early disease biomarkers, as well as protective factors

Treatments that target grey matter pathology in Alzheimer’s Disease that may help postpone AD and decelerate brain aging.
(AD) have only limited effectiveness in slowing dementia progression We argue that the white matter (WM), containing mostly myelinated
and are thought to be the most effective in the early stages of the disease axons, may be the overlooked neural target and early biomarker of AD.
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Mounting histopathological evidence suggests that AD pathology in the
grey matter (i.e., amyloid and tau deposits) is not only accompanied, but
often preceded by WM pathology, such as defects in axonal structure and
transportation, and failed myelin repair [2-4]. With myelin often in the
spotlight, less is known about the role of axons in cognitive decline,
possibly due to the methodological limitations of the most commonly
used method, diffusion tensor imaging (DTI). Diffusion is modulated by
multiple tissue properties, such as axonal diameter and density, myelin
content, fiber orientational coherence, extracellular water, as well as
other glia. As the DTI model represents the diffusion of water protons in
the tissue as a single ellipsoid, the resulting metrics — such as fractional
anisotropy or mean diffusivity — provide only limited information about
the content or integrity of axons or myelin [5]. Therefore, more
advanced diffusion models are needed to disentangle axonal orientation
from intra- and extra-cellular diffusion.

To address this gap, in the current study, we used a more advanced
model for diffusion of WM tissue, Neurite Orientation Dispersion and
Density Imaging (NODDI), to estimate axonal content. NODDI combines
a multi-shell high-angular-resolution diffusion imaging with three-
compartment tissue modelling (intra-, extra-cellular and cerebrospinal
fluid; [6,7]) to yield separate, voxel-wise estimation of 1) intra-cellular
volume fraction (ICVF) reflecting axonal content, 2) orientation
dispersion index of the fibers, and 3) extracellular isotropic volume
fraction, reflecting extracellular cerebrospinal fluid [7].

The existing studies using NODDI reported mixed findings regarding
age differences in axonal content estimated as ICVF. Some reported
linear or quadratic declines, whereas others reported increases in ICVF,
or no associations with age [8-20]. This may be because only few of
these samples spanned the entire adulthood [8,10,12,18,19], which is
necessary to capture quadratic or inverted U-shaped functions of ICVF
with age. For example, samples weighted more heavily on young to
middle-aged adults may detect only the increase in ICVF and fail to
detect the subsequent peak and a decrease (e.g., [11,14,20]), whereas
samples with only middle-aged to older participants (e.g., [13]) may
capture primarily linear declines. The differences in previous findings
could also stem from differences in inclusion/exclusion criteria, acqui-
sition, preprocessing, and modelling of NODDI images, as well as sta-
tistical power and sample size (e.g., n = 47 in Kodiweera et al., [14] vs.n
= 3513 in [13]). Furthermore, few studies investigated sex differences
[8,12,15,17-19] or relationships of myelin with axonal content [11,21,
18] yielding inconsistent results.

Most importantly, health risk factors for axonal health are unknown.
Maintenance of the axonal structure and the long-distance cellular
transport is prone to oxidative stress, vascular insults, inflammation, and
metabolic dysfunction. These not only accumulate with age and in
neurodegenerative diseases [3], but are also amplified by common
health conditions related to metabolic syndrome (MetS; [22,23]). MetS
components include excess abdominal fat (visceral adiposity), elevated
fasting blood glucose, elevated blood pressure (BP), abnormal blood
cholesterol, and elevated triglyceride levels [24]. Two earlier studies
reported a negative association of measures of adiposity and quantita-
tive MRI estimates of myelin. First, body mass index (BMI) and waist
circumference (WC) negatively correlated with myelin water fraction in
healthy adults of age 22 to 94 [12]. Second, greater BMI was correlated
with significantly lower R1 (1/T1-weighted signal) in young lean,
overweight, and obese adults, attributed to decreased myelin [25].
Recently, we extended these findings by showing that MetS risk score
(comprising of BMI, WC, BP and history of dyslipidemia and hypergly-
cemia), as well as adiposity sub-score (combined BMI and WC) corre-
lated with lower myelin water fraction in healthy adults of age 20-79
[26]. However, whether axons are affected by MetS risk or adiposity in a
similar way is unknown.

Taken together, the aim of the current study was to investigate the
age- and sex-related differences in estimates of axonal content, the
regional axon-myelin associations, and the associations of MetS risk
score and adiposity sub-score with axonal content in a healthy adult-
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span sample. Given the trophic support that oligodendrocytes provide
to axons [27], we expected to observe a positive association between
myelin and axonal content and a negative association of MetS risk and
adiposity scores with ICVF, particularly in the late-myelinating, more
vulnerable WM regions.

Methods

Core methods for the current study are provided in our previously
published work Burzynska et al. [26]. Here we report only information
that is unique or directly relates to the current analyses. All other details
are available in Appendix A.

Participants

The study was approved by the Colorado State University Institu-
tional Review Board.

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, as defined previously for the Human Connectome Project in Aging
(HCP-A; [28]). In addition, we used the following exclusion criteria: <30
score on modified Telephone Interview of Cognitive Status (TICS-M)
questionnaire [29], one or more standard deviations below age- and
education-based performance on Mini-Mental State Examination
(MMSE; [30,311), >0 on Clinical Dementia Rating (CDR; [32]), >10 on
the short form of Geriatric Depression Scale (GDS-15; [33]), <9 years of
education, smoking>20 cigarettes or joints/month, mean resting sys-
tolic blood pressure >140 [34], body mass index (BMI) >33 [35,36],
and >2 on the modified Hachinski ischemic scale [37].

See Appendix B for the subject flow. The current sample differs from
the previous study by one participant, whose NODDI data is missing due
to a technical problem.

MRI acquisition

Imaging was performed on a 3T MRI system (Siemens MAGNETOM
Skyra, Erlangen, Germany) with a 64-channel RF coil. The acquisition
parameters used in this study are the following: Diffusion-weighted
images were acquired using a multi-shell (b = 0,1000, 20005/mm2)
high-angular-resolution (138 directions) multiband echo planar
sequence in transversal plane (TE/TR = 104.8/3120 ms, FOV = 234
mm, resolution = 1.8 mrn3, 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 di-
rections, each lasting 7.31 min. For details on myelin water imaging
(MWI) see Appendix A and Burzynska et al. [26].

Image analysis and registration

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, whereas the NODDI modelling was
performed using Matlab toolbox v. 1.05. (https://www.nitrc.org/proj
ects/noddi_toolbox/) which generated maps of the volume fraction of
intra-axonal compartment (i.e., intra-cellular volume fraction; ICVF), as
well as volume fraction of Gaussian isotropic diffusion compartment,
representing extracellular free water (cerebrospinal fluid), and orien-
tational dispersion index of the axons. In the current study, only ICVF
analyses were used. ICVF values range from 0 to 1, where 0.07, for
example, reflects 7 % axonal volume fraction, and 0.65 reflects 65 %
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axonal volume fraction.

Then, we used the tract-based spatial statistics (TBSS; [41]) work-
flow in FSL v6.0.5.2 to skeletonize the FA values. Then, we applied
tbss_non_FA procedure to ICVF maps aligned with the unwarped b =
0 images to project the ICVF values on the skeleton from the same voxels
as for MWF in the previous study (Burzynska et al. [26] for the image
processing illustration and Appendix A for more details on MWF anal-
ysis). All steps of image processing as well as registrations for all par-
ticipants were visually inspected in either FSLeyes or by using slicesdir
command. The eddy- and topup-corrected, brain-extracted b0 images
were used to estimate intracranial volume (voxel number x voxel size,
in mm®), which was used for analyses of sex differences.

Regions of interest

To estimate ICVF in the entire WM, we averaged the ICVF values
from the entire skeleton for each participant (whole WM). Next, we
extracted mean ICVF values from regions (Table 1) representing the
major association, projection, and commissural fibers, as described
recently [26]. Specifically, the 14 regions included the genu, body and
splenium of the corpus callosum, prefrontal WM, cingulum, cortico-
spinal tract, uncinate, fornix, superior longitudinal fasciculus, external
capsule, anterior limb of the internal capsule, and the WM of the medial
prefrontal cortex and the temporal lobe. Mean ICVF was extracted from
each region using fslmeants in FSL.

Metabolic syndrome and adiposity scores

We collected ambulatory blood pressure (BP), waist circumference
(WC), weight, height, and the derived BMI, as well as self-reported in-
formation on history of cholesterolemia and hyperglycemia (see [26],
and Appendix A for details). The “MetS risk score” was computed by
adding the z-scored values of mean systolic BP, WC, BMI, and

Table 1
Descriptive Statistics.

Min Max M SD
Age (years) 20.0 79.0 52.7 17.8
MMSE 27.0 30.0 29.4 0.7
Education (years) 11.0 22.0 17.0 2.6
Income ($/year) 1=<30,000 6=>120,000 >120,000* 1.7
Systolic BP 96.0 151.0 121.0 12.4
WC (cm) 70.0 122.0 94.6 11.3
Height (m) 1.52 1.91 1.678 0.1
Weight (kg) 48.0 110.0 71.5 12.5
BMI 19.0 32.7 25.4 3.5
MetS score —6.0 6.5 —0.02 3.2
Adiposity score —4.0 4.03 —-0.02 1.8
ICVF
Whole WM 0.52 0.65 0.60 0.02
Prefrontal 0.47 0.66 0.58 0.03
mPFC 0.39 0.66 0.54 0.05
EC 0.47 0.64 0.56 0.03
SLF 0.58 0.74 0.68 0.03
Genu CC 0.55 0.77 0.67 0.04
Body CC 0.65 0.81 0.74 0.03
Splenium CC 0.69 0.84 0.77 0.03
FX 0.49 0.80 0.62 0.06
TEMP 0.44 0.61 0.53 0.03
ALIC 0.65 0.79 0.71 0.03
UNC 0.44 0.62 0.54 0.03
CING 0.50 0.67 0.59 0.03
CST 0.68 0.79 0.74 0.02

Note: N = 89 for all variables. MMSE: mini-mental state examination, BP: blood
pressure, WC: waist circumference, BMI: body mass index, ICVF: Intra-cellular
volume 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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self-reports history of elevated cholesterol and sugar. The “adiposity
sub-score” was estimated by adding the z-scored values of BMI and WC
as described earlier [26,42].

In addition, to provide comparison with MetS population statistics,
we created a proxy for MetS diagnosis, following the guidelines by the
International Diabetes Federation [24]. Namely, each participant
received “1” if they had a history of dyslipidemia, hyperglycemia, sys-
tolic BP >130 or diastolic BP >85, and if their WC was in the range of
overweight or obese for their sex. Thus, the possible scored ranged from
0 to 4, where score of 3 or 4 indicated possible MetS diagnosis and score
of 2 possible pre-MetS. We use the term “possible” as our data on dys-
lipidemia and blood glucose were based on self-report.

Statistical analyses

Bivariate Pearson’s correlations were used to assess the linear and
quadratic (age? =age x age) effects of age on ICVF. The inclusion of age?
as an independent variable is based on others’ recent observations that
ICVF follows a quadratic relationship with age [8,10,13,18]. As these
results are reported for future meta-analyses, Table 2 includes raw
p-values (not corrected 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 [43].
Next, to test the hypothesis that ICVF is associated with MetS risk score,
we conducted 14 linear regressions, with regional ICVF as the dependent
variable, and age, agez, sex, race, ethnicity, education, income, and
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. Similarly, to test
whether adiposity is associated with ICVF, we conducted 14 linear re-
gressions, with regional ICVF as the dependent variable, and age, agez,
sex, race, ethnicity, education, income, and adiposity score as inde-
pendent variables. To test whether controlling for intracranial volume
accounts for the sex differences in ICVF, we carried out stepwise linear
regressions, where ICVF from regions showing sex differences was the

Table 2
Linear and quadratic Pearson’s correlations of ICVF with age.
WM region (ICVF) Age Age?
Whole WM r —-0.22 —-0.28
p 0.039 0.009
Prefrontal r —0.44 —0.48
p <0.001 <0.001
mPFC r —0.48 —0.51
p <0.001 <0.001
EC r —-0.15 -0.21
p 0.170 0.048
SLF r —0.37 —0.41
p <0.001 <0.001
Genu CC r —0.60 —0.60
p <0.001 <0.001
Body CC r -0.13 —0.13
p 0.224 0.210
Splenium CC r —-0.07 —0.09
P 0.536 0.402
FX r 0.49 0.48
p <0.001 <0.001
TEMP r —-0.22 -0.27
P 0.038 0.010
ALIC r 0.08 0.02
P 0.486 0.892
UNC r -0.39 —0.44
p <0.001 <0.001
CING r —0.12 -0.17
p 0.250 0.112
CST r 0.20 0.14
p 0.060 0.184

Note: All correlations were on N = 89; see Table 1 for other abbreviations. P-
values are uncorrected.
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dependent variable (cingulate, uncinate, corticospinal tract, fornix,
external capsule, splenium CC, whole WM, and prefrontal WM), the
intracranial volume estimate was entered in the first step, and sex in the
second step using the “Enter” method. All analyses were conducted in
SPSS v.28. and FDR correction was applied wusing the
Benjamini-Hochberg method, when appropriate. FDR-corrected
p-values of 0.05 or smaller were considered significant.

Results
Sample characteristics

Our final sample consisted of 89 neurologically and psychiatrically
healthy participants of age 20-79 (25 % men), with MMSE scores
indicating no cognitive impairment, as well as BMI and systolic BP
values representative of healthy adult population (see Table 1).
Although women were over-represented in our sample, this was
consistent across all age decades: age 20-29 (n = 18, 15 women), age
30-39 (n =5, 2 women), age 40-49 (n = 11, 8 women), age 50-59(n =
16, 13 women), age 60-69 (n = 23, 18 women), age 70-79 (n = 16, 11
women). Twenty participants (22.5 %) had a score of three or four ac-
cording to the International Diabetes Federation [24], suggesting a
possible MetS diagnosis. Twenty-eight (31.4 %) had a score of two,
suggesting a pre-MetS, and 41 participants (46.1 %) had the score of 0 or
1. MetS risk scores and adiposity sub-scores used for subsequent ana-
lyses were continuous variables (Table 1).

Axonal content: age, sex, and intracranial volume

First, we investigated the associations of axonal content (ICVF) with
age, and sex, and intracranial volume. Table 1 reports sample charac-
teristics and mean ICVF values for each WM region. Mean ICVF was the
highest the splenium CC (77 %), corticospinal tract (74 %), body CC (74
%), and ALIC (71 %), and the lowest in temporal WM (53 %), mPFC and
UNC (53 %), and external capsule (56 %). We observed a gradient of
ICVF in the corpus callosum, with lowest ICVF in the genu (67 %), in-
termediate in the body (74 %) and highest in the splenium (77 %).

Table 2 shows region-specific linear and quadratic correlations of
ICVF with age. The strongest negative associations (of large effect size,
r>=|—-0.60|) were observed in the genu CC, followed by medium effect
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size correlations (r>=|—0.40|) in the prefrontal WM, mPFC WM, UNC,
and SLF, and small effect size correlation were in observed in the whole
WM and the EC. In regions showing predominantly quadratic associa-
tions (i.e., the whole WM, prefrontal WM, EC, UNC), ICVF showed an
increase in the age range 20-40, followed by a peak in the 5th decade of
life and a subsequent decline. In the genu CC, SLF, and mPFC we
observed a linear decrease in ICVF (Fig. 1, see also plots in the Appendix
Q).

We observed no significant associations in the body and splenium
CC, ALIC, cingulum, and corticospinal tract. Only ICVF in the fornix
showed both linear and quadratic positive associations with age.
Together, our findings support using both age and age? as covariates in
the subsequent regression models. Fig. 2 shows whole-brain ICVF maps,
averaged within each decade of life.

Appendix C contains the results of the two-way ANOVA analyzing
the main effects of sex, a decade of life, and sex x decade interaction, as
well as the descriptive statistics for ICVF values broken down by sex and
age decade, as a reference for future meta-analyses and comparative
studies. In brief, we observed the overall main effect of age (p<0.001) on
ICVF in the genu cc (p<0.001), uncinate (p<0.001), prefrontal WM (p =
0.001), mPFC WM (p = 0.004), SLF (p = 0.013), EC (p = 0.037), and
fornix (p = 0.006), consistent with the correlations reported above.

We found an overall significant effect of sex (p = 0.015), where ICVF
was greater in men than women in the cingulate (p = 0.008), uncinate (p
= 0.006), corticospinal tract (p = 0.007), fornix (p<0.001), external
capsule (p = 0.013), splenium CC (p = 0.005), whole WM (p = 0.026)
and prefrontal WM (p = 0.023) (Appendix C). We observed no sex *
decade interactions.

Next, investigated the effects of intercranial volume. As expected,
men (M=1,725,621 mm?®) had greater intercranial volume than women
(M=1,530,024 mm?) (t=6.78, p<0.001). The intracranial volume was
also positively correlated with ICVF in the majority of the studied re-
gions (Table 3). For example, the strongest associations were in the
splenium CC, uncinate and cingulate, whereas ALIC, genu and body CC
showed no associations. Finally, we checked whether the intracranial
volume accounts for the effects of sex on ICVF. Using stepwise linear
regression, we found that sex no longer was a significant predictor of
ICVF after controlling for intracranial volume (all p-values for sex
>0.050).
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Fig. 1. Example bivariate correlations of age with ICVF. Linear or quadratic fit is shown, depending on the correlation results in Table 2. For abbreviations,

see Table 1.
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20-29 years
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Fig. 2. Decade-averaged whole-brain maps of ICVF. The ICVF values were averaged across participants on maps co-registered in MNI space (see Methods),
separately for each decade of life, for all participants involved in the analyses. Red arrows point to examples of age-related decrease in ICVF values (to be compared

within each column). L: left, S: superior.

Table 3
Bivariate Pearson’s correlations between intracranial volume and regional ICVF.

Table 4
Bivariate Pearson’s correlations of ICVF with MWF.

WM region r p FDR-corrected p WM region r p FDR-corrected p
Whole WM 0.27 0.010 0.035 Whole WM 0.55 <0.001 <0.014
Prefrontal 0.24 0.025 0.050 Prefrontal 0.59 <0.001 <0.014
mPFC 0.25 0.017 0.048 mPFC 0.37 <0.001 <0.014
EC 0.29 0.007 0.033 EC 0.34 0.001 0.007
SLF 0.15 0.150 0.233 SLF 0.64 <0.001 <0.014
Genu CC 0.10 0.365 0.465 Genu CC 0.60 <0.001 <0.014
Body CC 0.12 0.269 0.377 Body CC 0.20 0.067 0.104
Splenium CC 0.32 0.002 0.014 Splenium CC 0.30 0.005 0.018
FX 0.29 0.007 0.033 FX 0.21 0.048 0.084
TEMP 0.24 0.024 0.056 TEMP 0.21 0.047 0.094
ALIC 0.09 0.403 0.470 ALIC 0.53 <0.001 <0.014
UNC 0.34 0.001 0.014 UNC 0.30 0.004 0.019
CING 0.33 0.002 0.014 CING 0.26 0.014 0.033
CST 0.23 0.028 0.049 CST 0.28 0.009 0.026

Note: All correlations were on N = 89, bivariate, 2-tailed; see Table 1 for other
abbreviations.

Axonal content: relations to metabolic syndrome and adiposity

Contrary to our prediction, there were no significant associations
between regional ICVF and either MetS or adiposity scores, controlling
for age, agez, sex, race, ethnicity, income, and education. These results
are presented in Appendix E.

Axonal content: associations with regional myelin

As shown in Table 4, ICVF and MWF were positively correlated in the
majority of WM regions. The associations had large effect sizes in the SLF
and genu CC, prefrontal and whole WM, and ALIC, medium effect sizes
in the mPFC, EC, splenium CC, and UNC, and small effect sizes in the

Note: All correlations were on N = 89, bivariate, 2-tailed; see Table 1 for other
abbreviations.

remaining regions (Fig. 3). Fig. 2-B shows averaged decade-
representative whole-brain MWF maps.

Is the relationship between myelin and MetS/adiposity independent of
axonal content?

Knowing that ICVF and MWF are related, we tested whether the
previously observed negative associations between regional MWF and
MetS or adiposity scores [26] are independent of regional ICVF. To this
end, we first replicated the regression models for select regions using the
current sample (see the grey row in Table 5). Next, we added regional
ICVF to the model. Table 5 shows that the model fit improved after
adding regional ICVF to explain variance in respective regional MWF.
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Fig. 3. Example bivariate region-specific correlations of MWF with ICVF. For abbreviations, see Table 1.

Table 5
Associations between regional MWF and either MetS risk score or adiposity sub-scores, controlling for age, agez, sex, race, ethnicity, education, income, and regional
ICVF.
DV v Std. g t p FDR-corrected p AR? Overall model fit
Adjusted R? p
UNC MWF MetS -0.47 —-3.92 <0.001 0.17 0.003
ICVF 0.27 2.18 .032 0.21 <0.001
MetS —-0.45 —-3.78 <0.001 <0.007 0.16
p<0.001
Prefrontal MWF MetS -0.37 -3.00 0.004 0.15 0.006
ICVF 0.63 6.00 <0.001 0.41 <0.001
MetS —-0.33 —-3.24 0.002 0.005 0.07
p = 0.002
UNC MWF Adiposity —0.56 -5.19 <0.001 0.26 <0.001
ICVF 0.22 1.85 0.069 0.28 <0.001
Adiposity —0.52 —4.89 <0.001 <0.007 0.20
p<0.001
Genu CC MWF Adiposity —0.40 -3.82 <0.001 0.31 <0.001
ICVF 0.45 4.12 <0.001 0.42 <0.001
Adiposity —0.32 -3.32 0.001 0.004 0.07
p=0.001
Prefrontal MWF Adiposity —0.46 —4.26 <0.001 0.23 <0.001
ICVF 0.59 5.87 <0.001 0.46 <0.001
Adiposity -0.39 —4.28 <0.001 <0.007 0.11
p<0.001
mPFC MWF Adiposity —0.40 —3.68 <0.001 0.23 <0.001
ICVF 0.23 1.99 0.050 0.26 <0.001
Adiposity —0.36 -3.29 0.001 0.004 0.09
p =0.001
EC MWF Adiposity —0.36 -3.32 0.001 0.24 <0.001
ICVF 0.41 3.94 <0.001 0.36 <0.001
Adiposity -0.29 —-2.91 0.005 0.009 0.06
p = 0.005

Note: DV: dependent variable of a modal. IV: independent variables, in addition to age (centered), age2, sex, race, ethnicity, education, income. For each DV (regional
MWE), the first line (marked in grey) is presented for comparison and is a replication of the results presented in [26] (n = 90) with the current sample size (n = 89). The
remaining two lines present the regression results for the two IVs of interest: regional ICVF and MetS/Adiposity. Std. p: standardized beta coefficient. AR%: R? change
for MetS or adiposity scores in the final model.

Related to this, in all regions, ICVF explained a significant amount of
variance in regional MWF. However, adding ICVF to the model did not
affect the negative associations between MetS or adiposity and MWF.

Discussion

The current study investigated the age-, sex- and health-related dif-
ferences in intra-axonal volume fraction in the white matter of cogni-
tively and neurologically healthy adults. Our main findings are: 1) There
were both linear and quadratic correlations of ICVF with age, with
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distinct regional variability; 2) Men had greater ICVF than women,
regardless of age, but this relationship was no longer present after ac-
counting for intracranial volume; 3) ICVF was positively correlated with
MWF in all examined WM regions; 4) Neither MetS risk score nor
adiposity scores were related to ICVF; 5) The adiposity- or MetS-myelin
associations were independent of regional ICVF.

Region-, age- and sex-related differences in axonal content

We observed the greatest ICVF in the WM regions containing the
projection fibers (i.e., the corticospinal tract) or early-myelinating
commissural fibers (body and splenium of corpus callosum) and the
lowest in the late-myelinating association (e.g., uncinate) and prefrontal
fibers (e.g., genu corpus callosum medial prefrontal WM). This is
consistent with earlier histological studies on human WM [3,44-46].

Next, we observed a negative correlation of ICVF with age in all
studied WM regions except the fornix and the corticospinal tract. The
linear or quadratic negative correlations (in a region-dependent fashion)
that are the strongest in frontal WM regions are consistent among studies
involving middle-aged to older-adults (age ca. 45-80 years; [9,13,
15-171), as well as studies including the entire adult lifespan (ca. age
20-80; [8,10,12,18,19]). Some studies with smaller samples that
weighted more heavily on participants representing early development
to middle-age (ca. 7-60 years) reported increases in ICVF [20], mixed
linear increases with quadratic increases [11], or no associations with
age [14]. Together, our findings and those of others point to either linear
negative or quadratic, inverted U-shaped associations of ICVF with age
in most WM regions. These patterns indicate that axonal density or
diameter (or both) follow the myelin maturation and deterioration tra-
jectory, with the increase in both myelin and ICVF until the peak in
middle age and subsequently decreasing in older age (also discussed in
[12,18], and [26]). Our finding of a positive association of ICVF with age
in the corticospinal tract is similar to a localized positive correlation in
the cerebral peduncles [18] and could represent protracted increases in
axonal volume in the early-myelinating regions, but warrants future
investigation. Finally, the increase in ICVF with age in the fornix was
earlier reported by Billiet et al. [11], however, others reported negative
associations [19]. Given the possible contamination with CSF partial
volume when studying fornix and the resulting errors in the NODDI
model estimation, these inconsistencies need to be resolved with higher
spatial resolution diffusion imaging.

To date, the limited number of studies investigating sex differences
in ICVF have yielded mixed results. Three studies ([8,17], and [19])
reported no effects of sex on ICVF or the related axonal volume fraction
[12] or age x sex interactions. Qian et al. [18] reported no age by sex
interactions, but 2 to 6% higher ICVF values in women than men in the
genu of corpus callosum, longitudinal fasciculus, and forceps minor
(significant before FDR correction). An analysis of sex effects in a sample
of 15,628 adults from the UK biobank study (45-80 years) showed only
weak and scattered effects of sex on ICVF and age x sex interaction.
Specifically, men had greater ICVF in the full WM, and women had
greater ICVF in the corpus callosum but showed a steeper ICVF decline
with age [15]. Taken together, our findings of no age x sex interactions
on ICVF are consistent with the majority of previous reports. Our find-
ings that ICVF was greater in men than women, but these differences
were accounted for by the intracranial volume, suggests that future
studies on WM microstructure should take into account anatomical
differences between sexes. Given the uneven sex distribution, any sex
differences in ICVF should be treated with caution.

Regional associations of myelin and axonal content estimates

Our results, which reveal predominantly medium to large effect size
positive associations between ICVF and MWF, are consistent with the
findings of Billiet et al. [11]. They observed a strong correlation between
MWEF and ICVF in the whole WM, estimated using the same methods as
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employed in the current study. Specifically, MWF and ICVF shared 33 %
of variance in a sample of 59 healthy adults of age 17-70 years [11].
Similarly, De Santis et al. [21] observed a large effect size correlation
(about 56 % shared variance) between axonal density (estimated as
restricted fraction in the composite hindered and restricted model of
diffusion) and MWF (estimated using mcDESPOT) in several
tractography-defined tracts in a small sample of young adults. Results
reported by Billiet et al. [11], De Santis et al. [21] and by us are of larger
effect sizes than recently reported by Qian et al. [18], who observed
positive associations between MWF and ICVF but predominantly of
negligible to small effect size (0-6 % shared variance). The largest as-
sociations were reported in the occipital and temporal lobes, and genu of
corpus callosum, with shared variance of only 9-12 % [18]. These dis-
crepancies could be explained by differences in sample sizes (n = 17-59
in previous studies vs. n = 89 in the current study), different definitions
of regions of interest (atlas-based or on WM skeleton), and different
methods for MWF and ICVF estimation. Together, our results suggest
that the MWF and ICVF are closely related, which is consistent with WM
structure, physiology, and function. Yet, the association between axonal
and myelin content may differ not only across the WM regions, but is
possibly altered by age and disease processes, which needs to be
determined in future longitudinal studies.

Selective vulnerability of myelin to MetS and adiposity, without
involvement of axons

Contrary to our prediction, we found no evidence for an association
between MetS or adiposity and ICVF. Furthermore, addition of ICVF to
the model improved the overall prediction of MWF; however, it had no
effect on the correlation with MetS or adiposity. Therefore, our results
suggest that MetS and adiposity may be selectively related to myelin
health. It is important to note that these findings may be true only for
cognitively and neurologically healthy adults, which we recruited using
strict exclusion criteria, also regarding other conditions that could affect
WM health such as severe hypertension, hormonal imbalances, other
medications, substance use, etc. It is very plausible that there would be
an association between MetS and axonal content in a sample containing
people with more advanced stages or a longer history of MetS. In other
words, we hypothesize that MetS may first exert negative effects on
myelin, followed by deterioration in axons at later disease stages, which
needs to be tested in future longitudinal studies. Finally, ICVF derived
from NODDI is not a direct measure of axonal content, but an estimate
that is affected by several physiological, modeling, and experimental
parameters (as discussed in the Limitations section). Therefore, the as-
sociation of metabolic health and axonal content needs to be revisited
using other MRI techniques and experimental designs (e.g., larger and
more b-values), and larger cohort sizes.

Next, although our study is unable to determine the pathways linking
MetS to myelin, several candidate mechanisms have been proposed,
with cholesterol metabolism gaining more attention recently [47].
Cholesterol plays a key role in regulation of myelin biosynthesis and
deterioration [48,49] and aberrant cholesterol deposition coincides with
reduced myelination in the brains of APOE4 carrier mice, whereas
pharmacological facilitation of its transport can recover myelination
[50]. In addition, some of cholesterol forms such as the 27-hydroxycho-
lesterol are transported across the blood-brain barrier, are toxic to
immature oligodendrocytes, and alter myelin composition [51]. Thus,
our results suggest that myelin health may be a candidate link between
MetS and cognitive decline, yet the metabolic mechanisms, which could
be targeted by lipid-based therapy and dietary interventions, remain to
be identified.

Limitations

The main limitation of this study is the use of the NODDI model,
which, although more sophisticated than diffusion tensor imaging,
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provides only an estimate of ICVF, not a true measurement of intra-
axonal volume. For example, NODDI is known to overestimate the iso-
tropically diffusion water fraction and to provide unrealistically high
ICVF values in WM which estimates are dependent on echo time [8,52,
71. For example, our ICVF values ranged 53-74 %, consistent with the
ICVF results from the original NODDI model, and greater than the ICVF
values obtained with the constrained NODDI [8]. Thus, future studies
need to replicate the current findings using alternative or improved
diffusion models.

In addition, there are several limitations such as the binary self-
reported status of a history of dyslipidemia and hyperglycemia as
components of the MetS score, which may be inaccurate and do not
reflect a range of fasting blood glucose, cholesterol and triglyceride
levels [26]. Also, despite strict inclusion and exclusion criteria and the
use of TBSS to align and skeletonize MWF values in the center of WM
tracts, we cannot exclude that both ICVF and MWF values may be to
some extent affected by macrostructural changes related to aging and
MetS individual components, such as global brain tissue atrophy and
WM hyperintensities [47,53]. Finally, women are overrepresented in
our sample, which is a common challenge in aging studies including
strict inclusion/exclusion criteria. Uneven sex distribution calls for the
sex differences in ICVF to be treated with caution.

Conclusions

The current study shows that in neurologically, cognitively, and
physically healthy adults, the estimates of axonal content declines with
age, positively correlates with myelin, and is lower in women than men,
but this difference was accounted for by the intracranial volume.
Furthermore, our data suggests that MetS risk is associated with lower
myelin content but not a decreased estimate of axonal content. Our re-
sults encourage revisiting the current findings with other MRI tech-
niques to estimate axonal content or integrity, as well as further research
into the physiological mechanisms linking peripheral metabolism with
myelin’s health. Understanding these mechanisms could lead to the
development of new therapies, diet, and exercise interventions pro-
tecting myelin health. Those approaches may help decelerate brain
aging and support existing treatments against AD. In addition, future
longitudinal studies should assess whether disruption of axonal content
is present in patients with the more advanced stages of MetS or chronic
obesity.
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