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Abstract

Cerebral white matter exhibits age-related degenerative changes during the course of normal
aging, including decreases in axon density and alterations in axonal structure. Noninvasive
approaches to measure these microstructural alterations throughout the lifespan would be
invaluable for understanding the substrate and regional variability of age-related white matter
degeneration. Recent advances in diffusion magnetic resonance imaging (MRI) have leveraged
high gradient strengths to increase sensitivity toward axonal size and density in the living human
brain. Here, we examined the relationship between age and indices of axon diameter and packing
density using high-gradient strength diffusion MRI in 36 healthy adults (aged 22-72) in well-
defined central white matter tracts in the brain. A recently validated method for inferring the
effective axonal compartment size and packing density from diffusion MRI measurements
acquired with 300 mT/m maximum gradient strength was applied to the /n vivo human brain to
obtain indices of axon diameter and density in the corpus callosum, its sub-regions, and adjacent
anterior and posterior fibers in the forceps minor and forceps major. The relationships between the
axonal metrics, corpus callosum area and regional gray matter volume were also explored. Results
revealed a significant increase in axon diameter index with advancing age in the whole corpus
callosum. Similar analyses in sub-regions of the corpus callosum showed that age-related
alterations in axon diameter index and axon density were most pronounced in the genu of the
corpus callosum and relatively absent in the splenium, in keeping with findings from previous
histological studies. The significance of these correlations was mirrored in the forceps minor and
forceps major, consistent with previously reported decreases in FA in the forceps minor but not in
the forceps major with age. Alterations in the axonal imaging metrics paralleled decreases in
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corpus callosum area and regional gray matter volume with age. Among older adults, results from
cognitive testing suggested an association between larger effective compartment size in the corpus
callosum, particularly within the genu of the corpus callosum, and lower scores on the Montreal
Cognitive Assessment, largely driven by deficits in short-term memory. The current study suggests
that high-gradient diffusion MRI may be sensitive to the axonal substrate of age-related white
matter degeneration reflected in traditional DTI metrics and provides further evidence for
regionally selective alterations in white matter microstructure with advancing age.

Introduction

Alterations in fiber composition within the corpus callosum, the major commissure
connecting the cerebral hemispheres, interfere with the efficiency of interhemispheric
transfer in older adults and likely contribute to specific patterns of cognitive aging
(Janowsky et al., 1996; Jeeves and Moes, 1996). Structural changes in the corpus callosum
with aging are thought to reflect changes in the functional integrity of interhemispheric
processing (Schulte et al., 2005; Sullivan and Pfefferbaum, 2006; van der Knaap and van der
Ham, 2011). Postmortem studies have revealed age-related changes in axon size and number
in the corpus callosum, with a higher number of large myelinated callosal fibers > 1 um
observed with increasing age (Aboitiz et al., 1996). Histological analyses of different
callosal segments suggest that the less myelinated fibers of the genu are particularly
susceptible to the deleterious effects of aging (Aboitiz et al., 1992b; Kemper, 1994).

Noninvasive approaches to infer axon size and density in the living human brain would be
invaluable for understanding the microstructural substrate of age-related degeneration of
cerebral white matter. The trends in callosal fiber composition identified on histology are
supported by multiple neuroimaging studies that have used diffusion magnetic resonance
imaging (MRI) to infer white matter microstructural properties in the aging human brain
(Abe et al., 2002; Bender et al., 2016b; Bennett and Madden, 2014; Berman et al., 2018;
Bhagat and Beaulieu, 2004; Billiet et al., 2015; Branzoli et al., 2016; Chad et al., 2018; Cox
etal., 2016; de Lange et al., 2016; Fjell et al., 2016, 2017; Head et al., 2004; Hsu et al.,
2008; Lebel et al., 2010; Liu et al., 2018; Madden et al., 2004; Martensson et al., 2018;
Moseley, 2002; Nusbaum et al., 2001; Ota et al., 2006; Pfefferbaum et al., 2000, 2005; Salat
et al., 2005; Serbruyns et al., 2015; Sexton et al., 2014; Storsve et al., 2016; Stricker et al.,
2015; Sullivan et al., 2001, 2006; Sullivan and Pfefferbaum, 2006; Wang et al., 2018; Xie et
al., 2016; Yeatman et al., 2014). One of the most enduring findings from diffusion tensor
imaging (DTI) studies across the lifespan is the regionally selective distribution of low
fractional anisotropy (FA) in frontal white matter with increasing age (Bennett and Madden,
2014; Bhagat and Beaulieu, 2004; Cox et al., 2016; Head et al., 2004; Madden et al., 2012;
Pfefferbaum et al., 2005; Rojkova et al., 2016; Salat et al., 2005; Sexton et al., 2014;
Sullivan et al., 2006; Vik et al., 2015; Zhang et al., 2010), a finding thathas been
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corroborated in non-human primates (Kubicki et al., 2018; Makris et al., 2007). An anterior-
to-posterior gradient of fiber integrity, in which anterior fiber bundles are more susceptible
to age-related degeneration than posterior fibers, has also been demonstrated in the corpus
callosum using a variety of analytic approaches, including region-of-interest (ROI) analysis
(Bender et al., 2016b; Madden et al., 2012; O’Sullivan et al., 2001; Pfefferbaum et al., 2005;
Pfefferbaum and Sullivan, 2003; Salat et al., 2005; Sexton et al., 2014; Xie et al., 2016),
voxel-based approaches (Hsu et al., 2008; Salat et al., 2005; Sexton et al., 2014; Zhang et al.,
2010), and tract-based analyses (Bennett et al., 2010; Burzynska et al., 2010; Davis et al.,
2009; Fjell et al., 2017; Lebel et al., 2012; Liu et al., 2018; Sala et al., 2012; Sullivan et al.,
2001, 2006, 2010).

While DTI offers some insight into the structural integrity of white matter, conventional DTI
metrics are not specific to white matter tissue properties such as myelination or fiber density,
which limits the interpretation of these metrics in relation to the histological substrate of
white matter degeneration. A number of advanced diffusion MRI techniques such as
AxCaliber (Assaf et al., 2008; Barazany et al., 2009), three-dimensional AxCaliber (Amitay
et al., 2016) and ActiveAx (Alexander et al., 2010) have been developed in an attempt to
quantify restricted diffusion within axons using simplified, geometric models of axons as
impermeable cylinders of finite diameter and packing density. More recent theoretical and
experimental work has shown that the parameters approximated by such simplified white
matter models may capture neural substrates beyond the intra-axonal space, including
diffusion within the extra-axonal space demonstrating a high degree of effective restriction
(Burcaw et al., 2015; Fieremans et al., 2016; Lee et al., 2018). Acknowledging the ongoing
debate regarding the interpretation of such axonal imaging metrics, we refer to the estimates
derived by such models as the size and packing density of the restricted cylindrical diffusion
compartment (i.e., cylinder diameter and packing density), which may then be interpreted as
an index of axon diameter and packing density.

Despite the caveats regarding the interpretation of the derived metrics, advanced
microstructural models of diffusion within white matter have become more readily translated
to studying the 7n vivo human brain, largely through the availability of higher gradient
strengths on human MRI scanners (Fan et al., 2014; Setsompop et al., 2013). Higher
gradient strengths push the diffusion resolution limit to approach the length scale of axons
and cells, with measurements using gradient strengths up to 300mT/m becoming sensitive to
intra- and extra-axonal diffusion (Huang et al., 2015b; McNab et al., 2013). Such
technological advancements offer the possibility of inferring trends in effective axonal
compartment size and packing density in the living human brain and serving as a window
into the axonal alterations that occur during the course of normal aging.

The goal of the current work is to study the age-related trajectories of an index of axon
diameter and packing density as estimated from high-gradient diffusion MRI in the midline
corpus callosum and to determine whether alterations in these metrics correlate with other
measures of white and gray matter degeneration with age. We examine whether such
differences demonstrate a regional selectivity that might provide insight into the axonal
changes that occur with advancing age. If present, axonal alterations would be expected to
be most pronounced in the genu of the corpus callosum compared to other callosal segments,
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with a projected increase in the axon diameter index with age based on previously reported
findings from histology. A secondary aim is to examine whether age-related axonal
alterations are associated with changes in DTI metrics in the corpus callosum and
contiguous anterior (7.e., forceps minor) and posterior (7.¢e., forceps major) white matter
tracts, as well as connected gray and white matter areas, which would lend support to the
anterior-to-posterior gradient hypothesis of age-related white matter degeneration.

To achieve these goals, we examine the trends in axon diameter index and packing density
estimated from high-gradient diffusion MRI in the corpus callosum and its sub-regions in a
cross-sectional study of healthy adults across the lifespan. We apply a previously validated
multidiffusion time, multi-gradient strength diffusion MRI acquisition using gradient
strengths ranging up to 300 mT/m to recover estimates of the axon diameter index and
packing density in the midline corpus callosum, forceps major, and forceps minor and
compare the strength of the associations between the microstructural metrics and age in each
tract. We also investigate the relationship between the axonal imaging metrics in the corpus
callosum and age-related cognitive differences in an effort to place these metrics in context
with other imaging-based biomarkers and demonstrate the potential utility of such metrics in
future studies of white matter degeneration in aging.

Methods

2.1 Participants

A total of 36 healthy, cognitively normal adults between the ages of 22 and 72 (23 women,
13 men) were recruited through the Massachusetts General Hospital and local community
with approval from the institutional review board. All participants provided written informed
consent. Each participant was screened to ensure that he or she was in good health and
cognitively intact with no history of major metabolic, neurologic or psychiatric conditions,
including dementia, cerebrovascular disease, brain tumors, major head trauma, and other
neurologic and psychiatric conditions that could influence cognition or imaging measures. In
addition, all older participants aged = 50 years underwent further screening for cognitive
impairment using the Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005),
revealing scores within the normal range (=26), with a mean score of 28.9 £ 0.94. Twenty-
five participants were Caucasian, seven were Asian, three were African-American, and one
was Hispanic.

2.2 Data acquisition

All participants underwent MRI on a dedicated 3T MRI scanner equipped with maximum
gradient strength of 300 mT/m (Magnetom Skyra CONNECTOM, Siemens Healthineers,
Erlangen, Germany) (Fan et al., 2016; McNab et al., 2013; Setsompop et al., 2013) using a
custom-made 64-channel phased array head coil (Keil et al., 2013) for signal reception. The
diffusion MRI protocol consisted of a multi-diffusion time, multi-gradient strength
acquisition with whole brain coverage using a single-refocused monopolar Stejskal-Tanner
pulsed gradient spin-echo, echo planar imaging (EPI) sequence (TR/TE = 4000/77 ms,
simultaneous multi-slice (SMS) (Feinberg et al., 2010; Feinberg and Setsompop, 2013;
Setsompop et al., 2012a, 2012b) acceleration factor of 2, in-plane acceleration using
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Generalized Autocalibrating Partially Parallel Acquisition (GRAPPA) (Griswold et al.,
2002) with an acceleration factor of 2, partial Fourier 6/8, voxel size 2 x 2 x 2 mm, anterior-
to-posterior phase-encoding direction). The imaging protocol was modeled after an
AxCaliber-type acquisition that incorporated angular sampling as previously described (Fan
et al., 2018; Huang et al., 2015a) using a fixed diffusion gradient pulse duration & = 8 ms,
two diffusion times (A = 19 and 49 ms) and eight linearly spaced gradient strengths (G)
ranging from 26 to 290 mT/m per diffusion time, with 32 or 64 diffusion encoding directions
sampled per gradient strength, as specified in Table 1, and 5= 0s/mm? images interspersed
every 16 diffusion-weighted volumes for motion correction. The number of diffusion
directions was chosen based on #-value, with 32 directions used for £#< 2300 s/mm? and 64
directions for b = 2400 s/mmZ. In addition, five 5= 0 images with reversed (i.e., posterior-to-
anterior) phase-encoding direction were acquired to correct for susceptibility-induced image
distortion.

Diffusion MRI acquisition parameters including diffusion time (4), diffusion gradient pulse
duration (&), &-values and number of diffusionencoding gradient directions.

T4-weighted structural images with 1-mm isotropic voxel size were acquired for all subjects
using a multi-echo magnetization-prepared gradient echo (MEMPRAGE) sequence (van der
Kouwe et al., 2008) (TR/TE = 2530/1.15 ms, GRAPPA = 3, inversion time T1 = 1100 ms,
and flip angle = 7°).

2.3 Data analysis

The diffusion MRI data were processed and analyzed following an established pipeline with
the following steps: (1) preprocessing to correct for motion, eddy current and susceptibility-
induced distortions; (2) fitting of the corrected multi-diffusion time, multi-gradient strength
data to obtain estimates of cylinder diameter, restricted volume fraction, and packing
density; (3) calculation of FA and mean diffusivity (MD) maps from the 4= 950 s/mm? data;
(4) quantification of diffusion MRI metrics in the whole corpus callosum and its sub-
divisions based on segmentation of the corpus callosum using FreeSurfer software; and (5)
quantification of diffusion MRI metrics in selected tracts other than the corpus callosum
using regions of interest derived from the Johns Hopkins University (JHU) white matter
tractography atlas. Each of these steps is described in detail below.

2.3.1 Data preprocessing—To process the diffusion MRI data, we used the data
preprocessing pipeline established for the MGH-USC Human Connectome Project (Fan et
al., 2016) as well as tools available as part of the FreeSurfer (Fischl, 2012) (http://
surfer.nmr.mgh.harvard.edu) and FMRIB Software Library (Smith et al., 2004) (FSL, https://
fsl.fmrib.ox.ac.uk) processing streams. All MR images were corrected for gradient
nonlinearity using in-house Matlab code. The diffusion MRI data was corrected for motion
as well as susceptibility- and eddy current-induced distortions using the TOPUP (Andersson
et al., 2003) and EDDY functions (Andersson and Sotir- opoulos, 2016; Andersson et al.,
2016) included in FSL.

2.3.2 Fitting for diffusion MRI metrics—Estimates of cylinder diameter, restricted
and cerebrospinal fluid (CSF) volume fraction, and hindered diffusivity were obtained by
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fitting the corrected multi-diffusion time, multi-gradient strength diffusion MRI data to a
validated three-compartment model of intra-axonal restricted diffusion, extra-axonal
hindered diffusion, and free diffusion (Fan et al., 2018). Briefly, generalized g-sampling
imaging (eh et al., 2010) was first used to identify the principal fiber direction in each
voxel by searching for the global maximum on the orientation distribution function of
diffusing spins using the A = 19 ms diffusion MRI data. The signal was then resampled for
each diffusion-encoding direction and was averaged along the equator about the principal
fiber direction to obtain the mean perpendicular signal using a Gaussian weighting function
dependent on the distance of each resampling vertex from the equator (Fan et al., 2018;
Tuch, 2004). The aforementioned three-compartment model was fitted to this mean
perpendicular signal to derive estimates of the cylinder diameter, restricted volume fraction,
CSF volume fraction, and hindered diffusivity. Intra-axonal diffusion was modeled by
restricted diffusion in impermeable parallel cylinders following the van Gelderen model (van
Gelderen et al., 1994), which uses the Gaussian phase distribution approximation to account
for diffusion during the diffusion-encoding gradient pulse. Gaussian diffusion was assumed
for hindered diffusion in the extra-axonal space, and free water diffusion was assumed for
the CSF compartment.

Model fitting was performed on a voxel-wise basis using Markov chain Monte Carlo
(MCMC) sampling. MCMC simulations provided samples of the posterior distributions of
the model parameters given the data. Broad uniform priors with the ranges given in
parentheses were used for cylinder diameter (0.1-20 pum), restricted volume fraction (0-1),
CSF volume fraction (0-1), and hindered diffusivity (0.1-2 pm2/ms). The restricted
diffusion coefficient D, was set to 1.7 um?2/ms, which is comparable to the estimated in vivo
axial diffusivity in white matter and in keeping with values used in prior studies (Alexander
et al., 2010; Huang et al., 2015b). The diffusion coefficient of CSF was assumed to be that of
free water at 37 °C (3 pm2/ms). A Rician noise model was adopted for parameter estimation
(Alexander, 2008; Alexander et al., 2010). The total number of MCMC samples calculated
for each voxel was 1,800. MCMC samples were saved at intervals of 100 iterations after an
initial burn-in period of 20,000 iterations. The mean estimates for cylinder diameter,
restricted and CSF volume fractions, and hindered diffusivity were then calculated for each
voxel by taking the mean over the MCMC samples. The packing density was calculated by
weighting the restricted fraction by the cross-sectional area calculated using the mean
cylinder diameter, as described previously (Alexander et al., 2010; Huang et al., 2016).

White matter tract integrity (WMTI) (Fieremans et al., 2011) and Neurite Orientation
Dispersion and Density Imaging (NODDI) analyses were performed to corroborate the
derived axonal metrics. Specifically, the WMT]I analysis was performed using the diffusion
kurtosis imaging software package () with all diffusion MRI data acquired with a &-value <
3000 s/mm? (Jensen and Helpern, 2010), and NODDI analysis was performed using two
shells (6= 950 s/mm?, 32 directions and & = 2400 s/mm?, 64 directions) matched to the
optimal /n vivo human protocol (Zhang et al., 2012).

DTI metrics of fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD),
and axial diffusivity (AD) were calculated using a least-squares fit to the diffusion MRI data
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acquired at &= 950 s/mm? with a diffusion time of 49 ms and 32 diffusion-encoding
gradient directions.

2.3.3 Regional analysis in the corpus callosum—A standard FreeSurfer
reconstruction (version 6.0) was performed using the T1-weighted MEMPRAGE images for
each subject to achieve automatic subcortical segmentation and voxel-wise labeling of the
brain (Dale et al., 1999; Fischl et al., 1999). A whole brain white matter mask was created
from the FreeSurfer labels for the right and left cerebral hemispheric white matter. A corpus
callosum mask on three mid-sagittal slices was created from the FreeSurfer labels and
manually edited to ensure exclusion of voxels outside the corpus callosum (e.g., fornix and
CSF). The corpus callosum was further divided into five sub-sections (anterior, mid-anterior,
central, mid-posterior, and posterior) using FreeSurfer’s automatic labeling with the mri_cc
command to delineate callosal segments (Fischl et al., 2002). The five sub-sections were
derived from evenly spaced partitions along the primary eigenaxis, closely corresponding to
the longitudinal axis (Fig. 1).

The average of the interleaved b =0 images after susceptibility correction was registered to
the T1-weighted MEMPRAGE image using the boundary-based registration tool in
FreeSurfer with 6 degrees of freedom, and the FreeSurfer labels in native T1-weighted image
space were transformed into diffusion image space using the inverse of the diffusion-to-T;-
weighted image transformation.

The whole brain white matter and corpus callosum masks were refined to include voxels
with minimal partial volume effects with gray matter or CSF by excluding voxels with low
FA values. For the whole brain white matter mask, we chose to threshold FA at 0.2, as in
(Salat et al., 2005). For the corpus callosum mask, we used a slightly higher value of 0.4 to
threshold FA, due to the expected higher packing density and orientational coherence of the
fibers in that structure. Note that the results were not significantly altered with the
application of these different thresholds, suggesting that partial volume effects were not a
major determinant of the results. The higher end of these thresholds was conservative as the
FA of CSF and gray matter is typically below 0.2 and 0.4, respectively.

Corpus callosum area as well as corpus callosum area normalized to total intracranial
volume were also measured, following the approach outlined in Tobyne et al. (2016).

2.3.4 Regional analysis in the forceps major/minor—To quantify diffusion MRI
metrics in the tracts extending from the anterior (genu) and posterior (splenium) portions of
the corpus callosum, the Johns Hopkins University (JHU) white matter probabilistic
tractography atlas (Mori et al., 2008) was used to create regions of interest (ROIs) for the
forceps minor and forceps major in each participant’s native diffusion space. These two
tracts were selected because the axonal fibers are largely aligned in a coherent orientation,
so that a single primary fiber orientation can be assumed. The FA map of each participant
was first linearly registered to the template FA map in the JHU atlas using NiftyReg’s
“reg_aladin” function (https://cmiclab.cs.ucl.ac.uk/mmodat/niftyreg). The linearly
transformed FA map was then non-linearly registered to the template FA map using
NiftyReg’s “reg_f3d” function. The transformation was inverted to transform the
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probabilistic tractography maps (thresholded at 25%) of the forceps major and forceps minor
from atlas space to each subject’s native diffusion space to define the ROIs for these white
matter tracts. Voxels with FA values below 0.2 were excluded, similar to the procedure
described above for the corpus callosum.

2.3.5 Regional analysis with gray matter volumes—The FreeSurfer automatic
pipeline was used to segment the cerebral cortex into seven lobules, including prefrontal,
frontal, central, parietal, occipital, temporal and cingulate regions (Fig. 2), by regrouping the
smaller segments in the Destrieux atlas (Fischl et al., 2004). The gray matter volumes for
prefrontal cortex and the parietal and occipital cortices combined were extracted, which
were then divided by the total intracranial volume to obtain normalized regional gray matter
volumes. Correlation analyses were performed between the axonal metrics in the genu and
the normalized prefrontal cortical volumes, and between the axonal metrics in the splenium
and the normalized gray matter volume of the parietal and occipital cortices combined. The
correlation analyses were performed for genu and splenium of the corpus callosum to
explore the anterior-posterior gradient of age-related white matter alterations. The prefrontal,
parietal and occipital cortices were selected, because they are identified as dominantly
connected with genu and splenium, respectively (Hofer and Frahm, 2006).

2.3.6 Statistical analyses—We examined the ROl-averaged data using Pearson’s
correlation among all participants. Correction for multiple comparisons based on the false
discovery rate (FDR) with an FDR threshold of 0.05 was applied to account for multiple
comparisons. The raw uncorrected p-values surviving FDR correction are reported here.

3. Results

3.1 Whole corpus callosum analysis

Voxel-wise estimates of the axon diameter index, restricted volume fraction, and packing
density were obtained for the midline corpus callosum (Fig. 3). Fig. 4 presents scatterplots
for correlations between age and the axonal imaging metrics in the whole corpus callosum.
These analyses showed a significant increase in the axon diameter index (r =0.42, p =0.01)
and reduction in packing density (r=—20.41, p =0.01) with increasing age throughout the
corpus callosum. By comparison, no significant correlation was observed between FA and
age in the whole corpus callosum, although a significant reduction in FA was observed with
increasing age globally in the cerebral white matter, in agreement with previous reports
(Salat et al., 2005). Significant reductions in callosal area (r=—0.52, p=0.001) and callosal
area normalized to total intracranial volume (r=—a0.45, p =0.005) were observed with
increasing age. The correlations described above remained significant after controlling for
gender (Table 2). No significant correlation with age was found for the WMTI or NODDI
metrics in the whole corpus callosum after FDR correction for multiple comparisons (Fig.
S1). The fiber orientation dispersion was fairly low at the callosal midline (around or below
0.1, Figs. S1-6), as expected from previous studies (Mollink et al., 2017).
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3.2 Regional analyses in the corpus callosum

Diffusion MRI estimates of the axon diameter index and packing density were regionally
variable in the corpus callosum. Scatterplots for the correlations between age, axon diameter
index and packing density in each corpus callosum segment are presented in Fig. 5. These
analyses showed a statistically significant increase in the axon diameter index with
increasing age in the genu (r=10.48, p =0.01) and a significant reduction in axon density in
the genu (r=—0.57, p <0.001) and posterior body (r=—0.48, p =0.003) of the corpus
callosum. The correlations between age and the axonal imaging metrics of diameter and
packing density were significantly stronger in the genu of the corpus callosum than in the
splenium (see Table S1 in the Supplementary Material for a detailed description of the
statistical comparison). No significant correlation was observed between age and restricted
volume fraction in any corpus callosum segment. The WMTI metrics showed the strongest
age-related effects in the genu relative to the other callosal segments (Table S1), with a
significant decrease in axonal water fraction (r=—a0.46, p =0.005) and increase in extra-
axonal radial diffusivity (r=0.48, p =0.003) observed with increasing age (Fig. S2). No
significant correlation with age was found between the NODDI metrics in the five segments
of the corpus callosum (Figs. S2-S6). FA was only significantly correlated with age in the
genu of the corpus callosum (r=—0.38, p =0.02) and not in the other segments.

Scatterplots demonstrating the relationship between the DTI metrics of FA, MD, RD and
AD and the axonal microstructural metrics of axon diameter index, restricted volume
fraction, and packing density in the corpus callosum are presented in Fig. 6. The scatterplots
were generated using the DTI metrics and axonal metrics for the corpus callosum regions
defined in Fig. 1 in all subjects. No significant correlation was observed between axon
diameter index and DTI metrics including FA, AD, RD and MD. On the other hand, a strong
positive correlation was identified between restricted volume fraction and FA and RD, and a
moderate correlation was appreciated between packing density and the DTI metrics of FA,
RD and AD. The strength of the correlations was preserved after controlling for age,
indicating that the relationship between axonal metrics (i.e., restricted volume fraction and
packing density) and DTI metrics (i.e., FA, RD and AD) captured a relationship beyond
what age effects could explain. Of all the DT1 metrics, FA showed the strongest correlations
with restricted volume fraction and packing density. We thus chose to focus our comparisons
of the axonal metrics with the DTI metric of FA in subsequent analyses

3.3. Regional analyses in the forceps major and minor

Regional analyses of the relationships between age and axonal metrics in the forceps minor
and forceps major supported the anterior-to-posterior trend observed in the corpus callosum
ROI analyses (Fig. 7). Specifically, in the forceps minor, the major white matter bundle that
connects the frontal lobes via the genu of the corpus callosum, the axon diameter index
significantly increased with age (r=0.48,p =0.003), and the packing density decreased with
age (r=—0.40, p =0.01). By comparison, in the forceps major, which connects the occipital
lobes via the splenium of the corpus callosum, no significant correlation was seen between
age and axon diameter index or packing density. FA was significantly correlated with age in
the forceps minor (r=—20.62, p <0.0001) and not in the forceps major.
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3.4 Association of axonal metrics with regional gray matter volume

For the genu of the corpus callosum, a significant negative correlation was found between
the normalized gray matter volume of the prefrontal region and axon diameter index (r=—
0.41, p =0.013), and a positive correlation was found with estimated packing density (r=
0.56, p <0.001). The significance of these relationships was maintained when adjusting for
FA, with lower normalized gray matter volume in the prefrontal region correlating with
larger effective axonal compartment size (r=—~0.40, p = 0.016) and decreased packing
density (r=0.43, p =0.008). No significant correlation was found between the splenium
axonal metrics and the parietal and occipital volume (Fig. 8).

3.5 Relationship of axonal metrics with cognition

Among the 10 older adults who underwent MoCA testing, there was a borderline significant
association between MoCA score and age (r =0.628, p =0.05). A similar strength of
association was observed between MoCA scores and imaging markers in the whole corpus
callosum adjusted for age, including axon diameter index (r=—0.629, p =0.10), restricted
volume fraction (r=—~0.638, p =0.16), packing density (r=—0.628, p =0.17), FA (r=—
0.630,p =0.17), and normalized corpus callosum area (r= 0.632, p =0.16). Among the sub-
regions of the corpus callosum, larger axon diameter index in the genu of the corpus
callosum was significantly correlated with lower MoCA score adjusted for age (r=—0.843,
p =0.01), with the subscore for short-term memory showing the strongest correlation with
axon diameter index in the genu (r=—0.717, p =0.07) and not in the other segments. No
significant association was observed between MoCA scores and restricted volume fraction,
packing density, or FA for sub-regions of the corpus callosum.

4. Discussion

In this study, we observed regionally selective, age-related differences in axon diameter
index and density in the corpus callosum and adjacent white matter tracts estimated from
high-gradient diffusion MRI. A global increase in axon diameter index and decrease in
packing density was seen throughout the corpus callosum with increasing age, with the
effect being most pronounced in the genu of the corpus callosum. The findings were
mirrored by similar trends in the adjacent forceps minor and forceps major, with the forceps
minor demonstrating a significant increase in axon diameter index and decrease in packing
density, consistent with alterations seen in the genu, but not observed in the forceps major or
splenium. Our results support the hypothesis that select fiber bundles are preferentially
affected by aging, and that these trends follow a regional distribution that reflects the
selective vulnerability of certain anterior fiber bundles to age-related degeneration. More
importantly, the axonal imaging metrics provide unique and complementary regional
markers of microstructural changes relative to DTI. This approach offers a more specific
microstructural interpretation of the axonal changes underpinning the previously noted age-
related differences in FA within anterior versus posterior fiber bundles, suggesting that the
underlying substrate of age-related degeneration may relate to fiber size and packing density.

Our results are in agreement with previous histological studies demonstrating an age-related
increase in axon diameter and overall decrease in density of myelinated fibers in the human
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corpus callosum (Aboitiz et al., 1996; Marner et al., 2003). In a postmortem study of 20
individuals aged 25-68 years who died from non-neurologic causes, the numbers of medium
and large callosal fibers consistently increased in the genu of the corpus callosum in both
males and females (Aboitiz et al., 1996). The age-related correlations reported here and in
prior histological studies of the corpus callosum did not affect the relative estimates of axon
diameter index or packing density along the corpus callosum, which maintained the same
low-high-low pattern of axon diameter and high-low-high distribution of axon density from
anterior-to-posterior throughout the lifespan (Aboitiz et al., 1992a, 1996). Our findings
support the hypothesis that callosal fibers may increase in size with age, particularly in the
anterior callosum, resulting in an overall increase in the numbers of larger diameter fibers at
the expense of smaller diameter fibers. It has been postulated that the functional significance
of a shift toward larger diameter myelinated fibers with age may be to compensate for
decreasing interhemispheric transfer efficiency in older adults by recruiting faster
conducting fibers (Reuter-Lorenz and Stanczak, 2000).

The current work provides insight into the microstructural substrate of white matter
degeneration with aging and represents a potential link between the imaging and histological
domains that requires further validation. Previous diffusion imaging studies of regional FA
in the corpus callosum reported an anterior to posterior gradient, with FA in the genu and
rostral body exhibiting the greatest decline with advancing age and FA in the splenium
remaining relatively stable (Bender et al., 2016b; Bennett et al., 2010; Burzynska et al.,
2010; Madden et al., 2012; Ota et al., 2006; Pfefferbaum et al., 2005; Salat et al., 2005;
Sexton et al., 2014; Zhang et al., 2010). Quantitative fiber tracking approaches have revealed
similar trends in the corpus callosum, with disproportionately lower FA in anterior fiber
bundles relative to posterior bundles in older adults compared to younger adults (Bender et
al., 2016b; Bennett et al., 2010; Burzynska et al., 2010; Davis et al., 2009; Lebel et al., 2012;
Sullivan et al., 2006, 2010; Xie et al., 2016). Other neuroimaging studies have demonstrated
that the prefrontal cortex and prefrontal white matter are associated with numerous age-
related changes, including accelerated cortical atrophy and white matter volume loss (Lebel
etal., 2012; Raz et al., 2004). Age-related decreases in FA are consistently greater in the
frontal white matter compared to the temporal, parietal and occipital white matter (Bender et
al., 2016b; Bennett and Madden, 2014; Cox et al., 2016; Head et al., 2004; Madden et al.,
2012; Salat et al., 2005; Sexton et al., 2014; Vik et al., 2015), a finding that is supported by
the presently reported increase in axon diameter index and decrease in packing density with
age in the forceps minor but not the forceps major.

A number of advanced diffusion imaging approaches have emerged in recent years that offer
greater specificity and insight into the types of white matter microstructural alterations that
occur in non-pathological brain aging. In the current work, we applied a generalized
approach to fit for axon diameter index and density and compared our results with DTI-
derived parameters. The axon diameter index did not correlate with any of the DTI metrics,
suggesting that the effective compartment size inferred by our approach may be independent
of and complementary to the microstructural properties captured by DTI. On the other hand,
restricted volume fraction and packing density showed relatively strong correlations with
FA, RD, and to a lesser degree, AD. Of all the DTI metrics, FA showed the strongest
correlations with restricted volume fraction and packing density. While we acknowledge the
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well-known association of increasing MD with age, recent work has shown that this trend
can be accounted for by diffusion models that explicitly estimate the amount of free water in
white matter (Chad et al., 2018), as our model does. In our analysis, we found an increase in
the CSF volume fraction derived from our three-compartment model with age (r=0.33, p =
0.047), which agrees with the known association between MD and age. The validity of the
axon diameter index in the presence of altered MD is supported by our use of a three-
compartment model that treats the restricted, hindered and CSF compartments separately,
which largely disassociates the axon diameter index estimation from MD.

The strong correlation between FA and restricted volume fraction motivated us to study the
relationship of analogous advanced diffusion imaging metrics with age, including axonal
water fraction derived from WMTI and intracellular water fraction derived from NODDI.
We were able to replicate the known negative correlation between age and FA in the global
cerebral white matter (Salat et al., 2005), but the age effect was weak in the corpus callosum
FA. Similarly, the restricted volume fraction estimated by the WMTI and NODDI
approaches in the whole corpus callosum did not reveal significant age effects. By
comparison, the estimate of packing density obtained by dividing the restricted volume
fraction by the mean cross-sectional area showed the best correlation with age, implying that
incorporating information about axon diameter index helped to demonstrate an association
between packing density and age that was not readily apparent from the restricted volume
fraction alone. In a sub-region analysis of WMTI and NODDI metrics in the corpus
callosum, the axonal water fraction showed a significant decrease with age in the genu,
consistent with our finding of decreased packing density in the genu. Although the results of
WMTI, NODDI and our approach cannot be compared directly, the consistent results
obtained by these various models suggests that advanced diffusion models can provide
greater specificity to the axonal alterations that occur in aging compared to DTI.

Another well-known effect of normal aging is brain atrophy in both cerebral white matter
(Gunning-Dixon et al., 2009) and gray matter (Fjell et al., 2009). Previous studies have
suggested that alterations in white matter integrity as assessed by DTI correlate with and
may predict regional white matter volume loss (Draganski et al., 2011; Salat et al., 2005). In
our study, there was a trend toward larger diameter of the restricted cylindrical compartment
with decreasing normalized corpus callosum area (see Supplementary Material). This is not
a surprising finding since both variables are correlated with age. However, it might be worth
note that the relationship was similar after adjusting for FA, suggesting that the metrics
provided by the advanced diffusion model employed in this study might be able to capture
additional information regarding axonal microstructure and its contribution to white matter
degeneration beyond what a tensor model could provide. Prior studies have shown that age-
related white matter microstructural changes as detected by DTI parallel and possibly
precede regional gray matter volume loss (Draganski et al., 2011; Giorgio et al., 2010). To
examine the potential contribution of the axonal imaging metrics toward understanding how
axonal degeneration and gray matter atrophy with aging are coupled, we analyzed the
relationship of the axonal metrics in the corpus callosum and regional cortical volume. A
decrease in gray matter volume in the prefrontal region was significantly correlated with
decreased packing density in the genu of the corpus callosum, accompanied by an observed
increase in the axon diameter index. The significance of these relationships was maintained
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after adjusting for FA. On the other hand, no significant correlation was observed between
the axonal metrics in the splenium and the gray matter volume in the parietal and occipital
cortices. Taken together, these results suggest that alterations in packing density and axon
diameter index parallel regional gray matter volume loss. Defining the precise temporal
evolution of axonal alterations with regional cerebral white matter and gray matter atrophy
in normal aging will require further investigation in larger-scale, longitudinal studies.

Age-related white matter degeneration as measured by DTI has been shown to relate to a
decline in cognitive performance in specific domains (Bender et al., 2016a), with decreased
FA and increased MD in anterior white matter bundles correlating with decreased processing
speed and poorer working memory (Kennedy and Raz, 2009). Our preliminary findings
support an association between age and axon diameter index in the corpus callosum,
particularly within the genu, and lower scores on the MoCA driven largely by deficits in
short-term memory. While the sample size for this correlation analysis was small, these
findings suggest that such axonal imaging metrics could provide more specific information
regarding the structural substrate of cognitive differences with aging and merit further study
in a larger group of subjects with more comprehensive cognitive testing across the lifespan.

The limitations of the current study are being addressed in ongoing work. Our primary
analysis of axon diameter index and packing density focused on the midline corpus
callosum, where the assumption of a single fiber population in each voxel is valid.
Acknowledging the potential limitations of the single fiber model, we limited our ROI
analysis outside of the corpus callosum to the contiguous forceps minor and forceps major,
which are both unidirectional fiber bundles with high FA that largely satisfy the single fiber
assumption. We have previously validated the axon diameter index estimates recovered
through this analysis with similar measurements in a biomimetic brain phantom composed
of parallel and crossing hollow-core textile axon fibers and shown that the restricted volume
fraction estimates are more severely affected than the diameter index estimates in crossing
fiber regions. To extend this work to fiber populations throughout the whole brain, future
analyses will focus on fitting a generalized model that accounts for fiber orientation,
compartment size, and restricted volume fraction for multiple fiber populations in each
voxel. Similar approaches have been suggested by others, including the combined hindered
and restricted model of water diffusion (CHARMED) (Assaf and Basser, 2005), AxCaliber
3D (Amitay et al., 2016; Barazany et al., 2011), and ActiveAx (Alexander et al., 2010).

In this work, we used a simple cylindrical model of axons to infer axonal diameter and
density for callosal fibers and those in the forceps minor and forceps major. Our model
resulted in overall larger diameter estimates compared to known values from histology while
recovering the expected trends in axon diameters in the corpus callosum. Rather than serving
as fully quantitative measures of axon diameter and density, our results may be interpreted as
axon diameter- and volume fraction-weighted images that capture broad trends in axonal
size and packing density, thereby enabling us to infer trends in axonal size and density with
increasing age, even as the range of values reported here (~2—-6 um) are known to
overestimate the majority of axon diameters in the human brain by nearly an order of
magnitude. This is a well-known problem with existing approaches to axon diameter
estimation using diffusion MRI and drives at a number of limitations related to diffusion
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modeling and acquisition. The use of a single diameter value to summarize the average
compartment size biases the estimation to larger axon diameter index. Larger axons contain
more water and have a greater contribution to the overall diffusion signal decay compared to
the highly restricted water within small diameter axons (Alexander et al., 2010).
Furthermore, although the use of higher maximum gradient strengths has been shown to
decrease estimates of axon diameter index /77 vivo (Huang et al., 2015b) and improve the
contrast and stability of these estimates (Dyrby et al., 2013), axons smaller than ~3 pm
remain below the diffusion resolution limit at 300mT/m (Nilsson and Alexander, 2012;
Nilsson et al., 2017). Finally, the time-dependence of water diffusion in the extra-axonal
space was not accounted for and could conceivably bias the estimates of diameter to larger
values (Burcaw et al., 2015; De Santis et al., 2016; Fieremans et al., 2016; Novikov et al.,
2014), although the range of diffusion times used in our study was relatively small (19-49
ms).

The cross-sectional design of this study of the normal aging brain supports the concept of
differential aging within different segments of the corpus callosum and, by extension,
different topographical regions of the brain. Nevertheless, the cross-sectional design is
restricted to revealing age-related differences, not actual longitudinal changes due to
possible cohort effects and uncontrolled factors that may confound true changes due to
aging. Interpretation of these cross-sectional findings in a modestsized sample requires
caution and merits further investigation using direct histopathological correlation in
postmortem brain specimens obtained from deceased individuals across the lifespan. The
modest sample size with subjects spanning a relatively large age range (50 years) and
uneven age distribution with more participants in the youngest age group could conceivably
limit the statistical power to detect age-related effects. Nevertheless, we were still able to
detect significant correlations between the axonal metrics and age across the whole age
range in certain segments of the corpus callosum, which speaks to the robustness of the age
effects observed in this study. Within the limits of the current sample, study design and
imaging technique, our results support the hypothesis of a preferential vulnerability of
specific fibers in the corpus callosum, including the genu, and the adjacent forceps minor,
with larger axon diameter index and decreased packing density reflecting age-related axonal
degeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Corpus callosum ROls.
Ilustration of the corpus callosum segments defined on a mid-sagittal image in a young

adult. The axonal metrics and FA were sampled in the whole corpus callosum as well as
within five separate ROIs obtained from the Freesurfer automatic segmentation of the corpus
callosum. ANT: Anterior; CEN: Central; POS: Posterior.
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Fig. 2.
Illustration of the cortical segmentation. The cortex was divided into seven lobules using

FreeSurfer automatic labeling by regrouping the smaller cortical segments in the Destrieux
atlas.
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Fig. 3.

E)?emplary maps of axon diameter index, restricted volume fraction, and packing density in
a healthy young adult (female, 27 years old, a-c) and a healthy older adult (male, 53 years
old, d-f). In all subjects, a general trend of smaller axon diameter index and higher packing
density in the genu and splenium of the corpus callosum compared to the posterior body was
observed. The axon diameter index appeared relatively larger, and the packing density
appeared generally reduced throughout the corpus callosum in the older adult participants,
while the restricted volume fraction was relatively similar in younger and older adults.
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Fig. 4.

Correlations of diffusion metrics in the whole corpus callosum and cerebral white matter
with age. (a) Axon diameter index increased with age, and (b) axon density decreased with
age. (c) No significant correlation was found between FA and age in the corpus callosum. (d)
FA of the cerebral white matter (WM) decreased with age. Pearson’s linear correlation was
used to report the correlation coefficients (7). Raw uncorrected p-values are reported, with p-
values surviving multiple comparisons correction at an FDR threshold of 0.05 denoted with

an asterisk (*).
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Fig. 5.

Correlation of axon diameter index and axon density with age in the five segments of the
corpus callosum defined in Fig. 1. (Top) Overall, axon diameter index increased with age,
with the strongest correlation found in the genu of the corpus callosum. (Bottom) Axon
density decreased with age throughout the corpus callosum, with the correlations reaching
the level of significance in the genu and posterior body. No significant correlation was found
between axon diameter index or axon density with age in the splenium. Raw uncorrected p-
values are reported, with p-values surviving multiple comparisons correction at an FDR
threshold of 0.05 denoted with an asterisk (*). NS: Not significant.
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Fig. 6.
Correlation of DTI metrics and axon diameter index, restricted volume fraction, and axon

density across all five segments of the corpus callosum. The scatterplots were generated by
pooling together all voxels in the corpus callosum of all subjects. No significant correlation
was observed between axon diameter index and DTI metrics including FA, AD and RD. On
the other hand, a strong positive correlation was identified between restricted volume
fraction and FA and RD, and a moderate correlation was appreciated between axon density
and DTI metrics. Raw uncorrected p-values are reported, with p-values surviving multiple
comparisons correction at an FDR threshold of 0.05 denoted with an asterisk (*).
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r = 0.48, p=0.003*
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Correlation of axon diameter index and axon density with age in the forceps major and
forceps minor. of the corpus callosum defined in Fig. 1. Axon diameter index increased and
axon density decreased with increasing age in the forceps minor. By comparison, in the
forceps major, no significant correlation was seen between age and axon diameter index or
axon density. Raw uncorrected p-values are reported, with p-values surviving multiple
comparisons correction at an FDR threshold of 0.05 denoted with an asterisk (*). NS: Not

significant.
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Correlation of the axonal metrics in the genu (top) and splenium (bottom) of the corpus
callosum with the gray matter volumes of their primary associated cortical regions. Raw
uncorrected p-values are reported, with p-values surviving multiple comparisons correction
at an FDR threshold of 0.05 denoted with an asterisk (*). NS: Not significant.
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Table 1
Diffusion MRI parameters.
A(ms) & (ms) b-values (s'mm?) # of gradient directions
19 8 50, 350, 800, 1500 32
8 2400, 3450, 4750, 6000 64
49 8 200, 950, 2300 32
8 4250, 6750, 9850, 13500, 17800 64
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Table 2
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Partial correlation coefficients of imaging metrics with age adjusted for gender. Raw uncorrected p-values are
reported, with p-values surviving multiple comparisons correction at an FDR threshold of 0.05 denoted with

an asterisk (*)

Correlation Coefficients  p-value
Axon diameter index 0.42 0.01*
Restricted Volume Fraction 0.08 0.647
Packing Density -0.41 0.01*
Whole Corpus Callosum FA 0.11 0.522
Cerebral White Matter FA -0.55 <0.001*
Corpus Callosum Area -0.52 0.001*
Normalized Corpus Callosum Area  —0.45 0.007*
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