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Abstract

White matter integrity changes with age, with the extent of variation dependent on attributes such
as sex and oligodendrocyte health. Quantification of myelin and axonal integrity in healthy people
would provide normative values necessary to determine pathology-related tissue characteristics
with normal-aging and gender. We assessed white matter integrity with diffusion tensor imaging-
based axial and radial diffusivity procedures (3.0-Tesla magnetic resonance imaging), which
measure water diffusion parallel and perpendicular to axonal bundles, indicating axonal and
myelin status, respectively, using region-of-interest (ROI) analyses, in 34 healthy adults (age,
46.5+6.0 years, 19 male). Sex differences in diffusion values were assessed with two-sample t-
tests, and diffusion changes with age using Pearson’s correlations; whole-brain effect sizes were
examined with voxel-based procedures. Multiple brain areas showed increased axial and radial
diffusivity values reflecting declines in axonal and myelin integrity with age, especially in mid-
hippocampal and posterior thalamic areas. However, axonal and myelin integrity increased in
insular and occipital cortex projections with maturity. Females showed reduced fiber and myelin
integrity in substantially more structures than males, and included limbic, basal ganglia, pontine,
and cerebellar sites. A minority of structures, confined to cerebellar, temporal, and frontal cortices,
showed reduced fiber and myelin integrity with age in males over females. Whole-brain effect
sizes in diffusion values between sexes and age-related changes showed findings parallel to ROI
analyses. The structural differences mandate partitioning of sex and age in adult white matter
pathology assessment, and likely contribute to sex-based physiological and behavioral dysfunction
in aging and in multiple pathologies.
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1. INTRODUCTION

Normal brain white matter changes occur with age in healthy adults (Ge et al., 2002;
Guttmann et al., 1998), with slow degradation in fibers over time. The changes appear as
loss of integrity in axons, as well as a breakdown in myelin surrounding axons (Bronge et
al., 2002; Lintl and Braak, 1983; Meier-Ruge et al., 1992). The myelin breakdown may
reflect underlying health of oligodendrocytes (Bartzokis, 2007), which is subject to different
survival processes from axons (Funfschilling et al., 2012), and thus requires separate
examination from axons in any fiber evaluation. Assessment of white matter has become
increasingly important for degenerative disease appraisal, since a breakdown in fiber
communication speed or integrity can lead to severe behavioral consequences (Bartzokis et
al., 2010; Schiavone et al., 2009). The progression of brain tissue change differs with normal
aging between sexes in several brain sites, including the thalamus, hippocampus, pontine,
and parietal lobes (Kanaan et al., 2012; Menzler et al., 2011; Murphy et al., 1996; Raz et al.,
2001), and these changes coincide with greater vulnerability to neuropsychological
consequences between genders of similar ages (Andersen et al., 1999; Fratiglioni et al.,
2000; Hammond et al., 1987; Weinshenker et al., 1989). Neural pathologies also contribute
to regional white matter degradation, which can be evaluated, but only after controlling for
age and sex contributions to changes in those areas, values which are largely lacking in
healthy adults.

Multiple quantitative magnetic resonance imaging (MRI) procedures, including T2-
relaxometry, magnetization transfer imaging (MTI), and diffusion tensor imaging (DTI) can
detect white matter changes with age and sex in regional brain sites (Kumar et al., 2011a;
Kumar et al., 2012b; Kumar et al., 2012c; Schiavone et al., 2009). T2-relaxometery
procedures assess free water content in tissue (Loubinoux et al., 1997), in the absence of
diamagnetic and paramagnetic substances, and MTI indicates myelin alterations
(Engelbrecht et al., 1998), which change with normal aging and disease processes in
pathological conditions. However, T2-relaxometry and MTI procedures show general tissue
changes, and do not reveal specific white matter changes resulting from myelin vs. axonal
impairment. Diffusion tensor imaging-based axial diffusivity measures water diffusion
parallel to axons, thus revealing axonal status, and radial diffusivity assesses water diffusion
perpendicular to fibers, and can assess myelin changes (Kumar et al., 2008b; Kumar et al.,
2010; Kumar et al., 2011b; Song et al., 2002; Song et al., 2005). These two procedures have
been used to examine fiber changes in various developmental and pathological conditions
(Kumar et al., 2008b; Kumar et al., 2010; Kumar et al., 2011b; Song et al., 2002; Song et al.,
2005), but such evaluation could benefit from assessment of normative values at appropriate
ages, with correction for sex.

Our aim was to describe age-related myelin and axonal changes in various brain sites and
sex-related differences in those areas in healthy adults using DTI-based axial and radial
diffusivity procedures. We hypothesized that multiple brain areas, including the thalamus,
insula, corpus callosum, and hippocampus would show age-related changes in axial and
radial diffusivity values, based on changes found earlier on DTI and other MRI measures
(Hasan et al., 2009; Hasan et al., 2008; Kumar et al., 2012b), and that male-female
differences would also appear in the pons, thalamus, and hippocampus (Kumar et al., 2012b;
Murphy et al., 1996).
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2. RESULTS

2.1 Demographics

Males and females did not differ significantly by age (males vs. females; 46.6+5.0 vs.
46.3+7.3 years, p = 0.87). Body-mass-index showed significant differences between males
and females (males vs. females; 24.9+3.2 vs. 22.4+3.9 kg/m?, p = 0.045).

2.2 Brain sites with age-related changes

Multiple brain sites showed age-related changes in axial and radial diffusivity values with
combined male and female data, as shown in Figure 1; whole-brain effect sizes in axial and
radial diffusivity changes are also displayed (Figures 2, 3). Increased radial diffusivity
emerged with advancing age in combined-sex data in left mid hippocampal fibers (r = 0.42,
p = 0.01), and increased axial diffusivity appeared within axons of the bilateral posterior
thalamus (left, r = 0.50, p = 0.003; right, r = 0.38, p = 0.03), and left dorsal hippocampus (r
=0.37, p = 0.03). Age-related axial diffusion changes within the left dorsal hippocampus
significantly differed between males and females (p < 0.002). Combined male and female
data, however, indicated reduced radial diffusivity, i.e., enhanced myelin status in axons
within the right anterior insula (r = - 0.4, p = 0.02), and decreased axial diffusivity, i.e.,
increased axonal integrity, within left occipital projections (r = — 0.38, p = 0.03), as age
increased.

Whole-brain beta maps showed an increase in axial diffusion with an increase in each unit of
age (year) in most areas of the brain (Figure 2); only restricted sites in cerebellar, temporal,
occipital, and frontal regions showed a decrease in axial diffusion with an increase in each
unit of age, indicating preserved tissue integrity with aging. Beta maps showed an increase
in radial diffusion with an increase in each unit of age, predominantly in cerebellar and deep
structures in rostral brain areas (Figure 3). However, regions located closer to the surface in
the rostral brain and occipital region showed a decrease in radial diffusion with an increase
in each unit of age.

2.3 Male-female differences

Multiple brain sites showed significant differences in axial and radial diffusivity values
between sexes (Tables 1-3); whole-brain effect size maps are presented in Figures 4 and 5.
Both axial and radial diffusivity values significantly increased in females over males in the
bilateral amygdala, anterior and mid thalamus, hypothalamus, superior pons, and right
inferior cerebellar peduncle and putamen. Brain sites that showed significantly increased
axial diffusivity included the left frontal gray matter, mid corpus callosum, right mid insula,
and bilateral posterior cingulate, and increased radial diffusivity values included the right
caudate nucleus, inferior pons, bilateral mid cingulate, right mid hippocampus, mid pons,
and bilateral superior cerebellar peduncles in females, compared to males. However,
significantly decreased axial diffusivity values emerged in the left mid cerebellar peduncle
and caudal cerebellar cortex, cerebellar deep nuclei, and left inferior temporal white matter,
and reduced radial diffusivity values appeared in the left frontal white matter in female
compared to male subjects.

Whole-brain effect sizes in axial diffusivity between genders, derived from subtraction of
averaged axial diffusivity maps of males from averaged axial diffusivity maps of females,
displayed increased axial diffusion in cerebellar, temporal, and occipital sites in males
compared to females (Figure 4). Other brain areas, including pontine and rostral brain sites,
showed decreased axial diffusion in males over females (Figure 4). Effect sizes in radial
diffusivity between sexes, derived from subtraction of averaged radial diffusivity maps of
males from averaged radial diffusivity maps of females, showed increased radial diffusion in
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cerebellar, frontal, and occipital regions in males compared to females (Figure 5); other
sites, including pontine, thalamic, insular, and cingulate regions showed reduced effect sizes
in radial diffusion in males over females (Figure 5).

3. DISCUSSION

3.1 Overview

Multiple brain areas in both male and female adults showed increased axial and radial
diffusivity values with age, reflecting the expected progressive deterioration of axons and
supporting myelin. The increases appeared especially in hippocampal and thalamic areas
involved in memory and attention behaviors. Remarkably, selected limbic (insular cortex)
and visual (occipital cortex) regions showed indices of enhanced fiber integrity, possibly
reflecting better oligodendrocyte health in those areas later in life. Females showed reduced
axonal and myelin integrity in substantially more structures than males, within areas ranging
from limbic to basal ganglia, pontine and cerebellar sites; a minority of structures, confined
to cerebellar, temporal and frontal regions, showed more fiber and myelin integrity in
females. The findings mandate partitioning age- and gender-related changes during
assessment of pathology-induced tissue alterations, and provide a basis for structural
contributions to sex-specific vulnerabilities for neuropsychological and neuropsychiatric
diseases.

3.2 Axial and radial diffusion changes with age

Brain tissue changes accompany various neurodegenerative diseases, and assessing normal
structural differences are essential for evaluating pathology with aging. Age-related tissue
alterations involve various subtle changes within multiple brain sites, including alterations in
receptors, dendritic and spine losses, and demyelination, all of which can significantly affect
synaptic transmission (Shineman et al., 2010). In many neurodegenerative diseases,
pathological processes include abnormal aggregation of proteins and myelin destruction,
which can lead to age-related neurocognitive deficits or neuropsychological characteristics
associated with psychiatric diseases (Dickstein et al., 2007; Morrison and Hof, 1997). The
non-invasive DTI-based axial and radial diffusivity procedures used here allowed
examination of distinct axonal and myelin properties accompanying normal aging, and
demonstrated that multiple brain regions in both males and females undergo age-related
variation in both axial and radial diffusivity values. Since the greatest myelin decline with
age appeared in more structures in females, a suspicion is raised that oligodendrocyte health
is more compromised in females than in males, an issue of some importance for nutritional
and other neuroprotective support. The enhanced myelin injury from the supportive glia is
not the only concern; myelin integrity is essential for axonal survival (Funfschilling et al.,
2012), and the parallel decline is of significant theoretical interest. The preferential retention
of insular and occipital region myelin and axonal integrity supports the relative sparing of
those central functions in vision and affect control with aging, and suggests localized glial
neuroprotection.

The hippocampal findings are of interest for memory and other cognitive researchers, since
increased radial diffusivity emerged with age within fibers of the mid hippocampus,
suggesting myelin breakdown in a structure associated with memory as well as affective
functions, and increased axial diffusivity appeared within axons of the posterior thalamus
and dorsal hippocampus with age, indicating a disruption of axonal integrity. Age-related
structural and functional changes in the hippocampus in normal aging have been previously
noted, as reflected in brain metabolic abnormalities and volume loss (Schuff et al., 1999).
Age-related volume reduction and diffusion changes have also been described by others in
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normal aging in thalamic sites (Ota et al., 2007; Sullivan et al., 2004), a brain structure
which is involve in visual attention (Rafal and Posner, 1987).

3.3 Male-female alterations

Differences in functional integrity of brain structures resulting from developmental
morphological patterns between sexes in healthy adults can contribute to differential
behavioral patterns and potential vulnerability to neuropsychological and physiological,
especially cardiovascular, conditions between genders. Of all brain areas involved in
neuropsychological and cardiovascular regulation, limbic structures play a major role
(Drevets et al., 2008; Fuster, 2002; Oppenheimer, 2006). The white matter structural
differences found here were especially apparent in limbic regions, or in brain areas with
considerable influence over limbic structures, including the hypothalamus, basal-ganglia,
and frontal temporal, cingulate and pontine regions. Gender differences in thalamic and
hippocampal structure have been described with DTI, volumetric, and positron emission
tomography based procedures. Fractional anisotropy and radial diffusivity values are
reduced in males in the thalamus relative to females, findings which are parallel to our
results (Menzler et al., 2011). Also, age-related volume loss in hippocampal and parietal
lobes are greater in females compared to males, and metabolic consumption in thalamic and
hippocampal sites are reduced in females (Murphy et al., 1996). Other brain sites, including
the corpus callosum and cerebellar regions, which are important for transfer of information
between limbic areas and modulation of frontal cortex action (Mittleman et al., 2008; Tan et
al., 1991), respectively, emerged with axial and radial diffusivity differences between sexes.

The majority of brain sites showed either increased axial or radial diffusivity values in
females over males, indicating axonal or myelin losses between genders. However, a limited
number of areas showed reduced axial and radial diffusivity in females over males,
suggesting that females show less pronounced axonal and myelin changes with aging in
these areas, compared to similarly-aged male subjects, findings which are consistent with
previous descriptions (Cowell et al., 1994; Murphy et al., 1996). These areas included sites
within cerebellar, temporal, and frontal regions. Adult females perform better than males on
certain cognitive tasks in later years (Seidlitz and Diener, 1998; Silverman et al., 1996), and
fewer tissue changes in frontal and temporal areas in females may contribute to those
cognitive advantages. Other brain sites, including pontine areas essential for regulation of
breathing, pain, autonomic, and motor functions (Fenik et al., 2005; Goadsby et al., 1985;
Keay et al., 1997; McGinty and Harper, 1976; Ni et al., 1990), showed more pronounced
degradation of tissue in females over male subjects. Healthy adult females also show smaller
pontine volumes over males (Raz et al., 2001). The collective findings are important for
determining the mechanisms underlying specific pathologies associated with aging, such as
the more-severe cardiovascular and neuropsychological consequences in females with
obstructive sleep apnea (Macey et al., 2012; Macey et al., 2010), Alzheimer’s disease
(Andersen et al., 1999; Fratiglioni et al., 2000), multiple sclerosis (Hammond et al., 1987;
Weinshenker et al., 1989), and heart failure.

3.4 Limitations

There are some limitations in this study, including the small number of subjects, use of a
linear model to examine age-related tissue changes, normalization accuracy, unavailability
of data for scanner stability and from elderly subjects, and low correlations between DTI
indices and age in certain brain areas. There are also issues of interpretation of tissue
changes. We found several brain sites that showed age-related tissue changes with diffusion
values, and multiple brain areas with male and female differences, indicating sufficient
statistical power to examine those areas. However, the small number of subjects may have
precluded showing tissue changes in other brain sites because of insufficient statistical

Brain Res. Author manuscript; available in PMC 2014 May 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kumar et al.

Page 6

power; some of those areas appeared in previous studies (Kanaan et al., 2012; Kumar et al.,
2012b; Murphy et al., 1996). Although we had a limited number of healthy controls, the
male female ratio within subjects was nearly 1:1. We used a linear model to assess age-
related axial and radial diffusion changes; other studies suggest use of a curvilinear model to
examine such changes (Hasan et al., 2009; Hasan et al., 2008). We believe that if pediatric
and adult healthy controls composed the sample, a curvilinear model would be a more
appropriate choice, but if only pediatric or only adult subjects are used, a linear model
deviates little from a curvilinear model. Regional axial and radial diffusivity values were
calculated from normalized axial and radial diffusivity maps using a set of region-of-interest
(ROI) masks, which can affect these values for small brain sites due to interpolation in the
normalization procedures. However, the normalization of diffusion maps was adequate in all
subjects, and we expect little variation across subjects. On the other hand, values from
smaller brain areas surrounded by fluid, including the hypothalamus, may be less reliable
due to normalization errors from the partial volume effect. Although scanner stability data
are not available, long-term magnetic field fluctuations can be ignored, since data
acquisition was accomplished over a short time period. The high incidence of pathology in
elderly subjects precluded examination of brain changes in that age group. Although axial
and radial diffusivity procedures are intended principally for white matter assessment, some
cortical brain sites showed axial and radial diffusion changes. Axial and radial diffusivity
changes in gray matter can be interpreted as loss of tissue integrity in those sites (loss of cell
alignment), and we cannot interpret those findings with respect to axons or myelin loss.
Such directional measures are useful for evaluating membrane wall and leptomeningeal
cortical and subcortical white matter sites (Trivedi et al., 2009; Yadav et al., 2009).
Although significant, the correlations between axial and radial diffusivity values of certain
brain regions and age were low, an issue that should be considered in interpretation.

3.5 Conclusions

Age and sex contribute significantly to changes in fiber structure, as assessed by axial and
radial diffusivity measures in various brain areas. Sex differences appeared in multiple brain
regions, including limbic, thalamic and hypothalamic sites, frontal, temporal, cingulate, and
insular cortices, basal ganglia, corpus callosum, pons, and cerebellar areas. With increasing
age, higher radial diffusivity emerged within mid hippocampal fibers, and increased axial
diffusivity appeared within axons of the posterior thalamus and dorsal hippocampus,
suggesting compromised myelin and axonal integrity, as might be expected with declining
memory and other neurocognitive functions with age. However, decreased radial diffusivity
appeared within axons in the anterior insula, and occipital projections relative to changes in
other brain areas, suggesting that myelin integrity is maintained longer in those areas with
age; such retention of central processes in affect and vision areas also confirm functional
attributes that accompany normal aging. The findings demonstrate sex-based structural
differences, requiring partitioning of both age and gender in white matter pathology
assessment in adults. The sex-based structural changes likely contribute to gender-based
differences found in both white matter structure and function found in multiple pathologies,
including obstructive sleep apnea, heart failure, and Alzheimer’s disease.

4. EXPERIMENTAL PROCEDURE

4.1 Subjects

Thirty-four healthy adult subjects (19 male, age 46.6+5.0 years, body-mass-index 24.9+3.2
kg/m?2, handedness, 16 right, 2 left, 1 ambidextrous; 15 female, age 46.3+7.3 years, body-
mass-index 22.4+3.9 kg/m?), handedness, 7 right, 6 left, 2 ambidextrous) were studied. All
healthy control subjects were part of previously-published studies (Cross et al., 2008; Kumar
et al., 2008a; Kumar et al., 2012a; Kumar et al., 2009; Kumar et al., 2011b; Macey et al.,
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2008; Woo et al., 2009), and were selected for similar MRI scanning parameters, age-range,
and gender ratios. We recruited all subjects through advertisements at the medical center and
from the neighboring Los Angeles areas. All subjects with any neurological issues or
medical conditions that might affect brain tissue were excluded from the study, as well as
any subject who might not be safe in a high-magnetic field environment, as suggested by the
Institute for Magnetic Resonance Safety, Education, and Research web site (http://
www.mrisafety.com/). The study protocol was approved by the Institutional Review Board
of the University of California at Los Angeles, and all subjects provided informed written
consent prior to the study.

4.2 Magnetic resonance imaging

Brain imaging studies were performed using a 3.0-Tesla MRI scanner (Magnetom Tim-Trio;
Siemens, Erlangen, Germany), with a receive-only 8-channel phased-array head-coil. We
used foam pads on either side of the head to minimize head-motion during MRI data
collection. High-resolution T1-weighted images were acquired using a magnetization
prepared rapid acquisition gradient-echo (MPRAGE) pulse sequence [repetition-time (TR) =
2200 ms; echo-time (TE) = 2.2 ms; inversion time = 900 ms; flip angle (FA) = 9°; matrix
size = 256x256; field-of-view (FOV) = 230x230 mm; slices = 176; slice thickness = 1.0
mm; slice gap = none; acquisition time = 5:25 min]. Proton-density (PD) and T2-weighted
images were collected using a dual-echo turbo spin-echo pulse sequence (TR = 10,000 ms;
TEL, 2 =17, 134 ms; FA = 130°; matrix size = 256x256; FOV = 230%x230 mm; turbo factor
=5; slices = ~55; slice thickness = 4.0 mm; slice gap = none; acquisition time = 4:52 min),
in axial plane and covering the whole brain. Four DTI series were collected separately using
a single-shot echo-planar-imaging with twice-refocused spin-echo pulse sequence (TR =
10,000 ms; TE = 87 ms; FA = 90°; bandwidth = 1346 Hz/pixel; matrix size = 128x128;
FOV = 230%230 mm; slices = 77; slice thickness = 2.0 mm; slice gap = none; acquisition
time = 2:40 min; diffusion gradient directions = 12; b = 0 and 700 s/mm?). The generalized
autocalibrating partially parallel acquisition (GRAPPA) parallel imaging technique, with an
acceleration factor of two, was used to collect all imaging data.

4.3 Data processing

The statistical parametric mapping package SPM8 (http://www.fil.ion.ucl.ac.uk/spm/), DTI-
Studio (v 3.0.1, https://www.mristudio.org/) (Jiang et al., 2006), MRIcroN (Rorden et al.,
2007), and MATLAB-based (The MathWorks Inc., Natick, MA) custom software were used
to process and analyze data. Proton-density- and T2-weighted images and T1-weighted
images were visually-examined to confirm absence of any serious brain pathology, such as
cysts, tumors, or any other lesions which may affect brain tissue diffusion values before
axial and radial diffusivity calculations. No such abnormalities were present in any of these
included subjects. Diffusion tensor imaging data were also examined for any motion or other
imaging artifacts before data processing, and no subjects showed more than 2 mm motion
between the series.

4.3.1 Axial and radial diffusivity calculation—We calculated the average background
noise value from outside of the brain parenchyma with non-diffusion and diffusion-weighted
images, and used this value to exclude non-brain tissue regions during axial and radial
diffusivity calculation (Kumar et al., 2008b; Kumar et al., 2010; Kumar et al., 2011b). The
diffusion tensor matrices were calculated using diffusion-weighted images (b = 700 s/mm2),
collected from 12 diffusion directions, and non-diffusion images (b = 0 s/mm2), with DTI-
Studio data processing software (Jiang et al., 2006). We diagonalized the diffusion tensor
matrices at each voxel, and principal eigenvalues (A1, A2, and A.3) were calculated (Basser
and Pierpaoli, 1998; Pierpaoli and Basser, 1996). We used the principal eigenvalues to
calculate axial (A = A1) and radial [A | = (A2 + A3)/2] diffusivity maps from each DTI
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series (Kumar et al., 2008b; Kumar et al., 2010; Kumar et al., 2011b; Song et al., 2002; Song
et al., 2005).

4.3.2 Realignment, averaging, and normalization—Both axial and radial diffusivity
maps, derived from each DTI series, were realigned to remove any potential motion between
the series, and were averaged to create one axial and one radial diffusivity map for
individual subjects using SPM8 software (Kumar et al., 2008b; Kumar et al., 2010; Kumar
etal., 2011b). Similarly, b0 images (non-diffusion weighted images) from each series were
also realigned and averaged. We normalized both averaged axial and radial diffusivity maps
to Montreal Neurological Institute (MNI) space (ICBM template with European brains). For
normalization, we used b0 images to partition gray, white, and cerebrospinal fluid tissue
types with the unified segmentation approach (Ashburner and Friston, 2005), and the
resulting normalization parameters from b0 images were applied to the corresponding axial
and radial diffusivity maps and b0 images. The normalized axial and radial diffusivity maps
were smoothed with a Gaussian filter (full-width-at-half-maximum, 8 mm). The normalized
b0 images of all individuals were averaged to create mean background images, which were
used to outline ROIs masks for regional axial and radial diffusivity analyses.

High-resolution T1-weighted images of all subjects were also normalized to MNI space, and
normalized images were averaged to create background images. T1-weighted background
images were used to overlay whole-brain effect size maps.

4.4 ROI analyses

We created a set of rectangular ROIs from various brain areas using mean background
images, derived from normalized and averaged b0 images. These ROIs were included from
gray and white matter regions of rostral, thalamic and hypothalamic, pontine, and cerebellar
sites (Figure 6). All ROIs consisted of three consecutive brain slices (brain structure with
maximum visibility as a middle slice, and one slice up and one slice down), with ROI sizes
fitting within the examined structure for most of the brain areas. The majority of the ROIs
were localized either in gray matter or in white matter, except for a few regions (e.g.,
thalamus) which included closely-adjacent gray and white matter, to avoid partial volume
concerns. Sites were chosen from structures previously shown to be significantly affected
with aging, or which showed distinctive male-female differences in particular disease
processes (Cowell et al., 1994; Hasan et al., 2008; Kanaan et al., 2012; Kumar et al., 2011a;
Kumar et al., 2012b; Kumar et al., 2012¢; Murphy et al., 1996).

4.4.1 Rostral brain regions—Sites within the rostral brain included both gray and white
matter in the amygdala, basal ganglia, and hippocampus. Bilateral regions, including the
anterior, mid, and posterior cingulate and insular cortices, caudate nuclei, putamen, globus
pallidus, frontal white and gray matter, amygdala, ventral, mid, and dorsal hippocampus and
temporal white matter, midline occipital gray matter, and occipital white matter were
examined. Unilateral areas, including the anterior, mid, and posterior corpus callosum, were
also assessed.

4.4.2 Thalamic and hypothalamic areas—We examined both thalamic and
hypothalamic sites. The ROIs were created within the left and right hypothalamic and
thalamic regions, including anterior, mid, and posterior areas.

4.4.3 Pontine and cerebellar sites—We outlined unilateral ROIs within the pons and
bilateral ROIs in cerebellar regions. Unilateral ROIs were created within the ventral, mid,
caudal pons, and cerebellar deep nuclei, and bilateral ROIs were delineated within the

caudal and rostral cerebellar cortices, and inferior, mid, and superior cerebellar peduncles.
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4.4.4 Calculation of regional axial and radial diffusivity—We calculated average
axial and radial diffusivity values from various brain sites using ROl masks and normalized
axial and radial diffusivity maps, as earlier described (Kumar et al., 2011a). Regional axial
and radial diffusivity values were examined for any gender differences, and also used to
assess for age-related changes.

4.5 Calculation of whole-brain effect sizes

We used a linear regression model (termed “correlation with covariates” in SPM8) to
examine whole-brain effect sizes in axial and radial diffusivity with age, using smoothed
axial and radial diffusion maps. Beta maps, indicating changes in axial or radial diffusion
values for each unit in age (year), derived from the linear models were overlaid onto
background images for structural identification.

For whole-brain effect sizes between genders, smoothed axial and radial diffusivity maps
from all males and females were averaged separately to create mean axial and radial maps of
the two sexes. Averaged axial and radial diffusivity maps of females were subtracted from
diffusion maps of males, and the corresponding subtracted maps were overlaid onto
background images for structural identification.

4.6 Statistical analyses

We used the Statistical Package for the Social Sciences (SPSS V 20.0, Chicago, IL, USA)
software for data analyses. Gender differences in axial and radial diffusivity values, derived
from ROI analyses in different brain areas were examined with two-sample t-tests. Pearson’s
correlation procedures were used to assess the associations between combined male and
female axial and radial diffusivity values of various brain sites with age. We considered a p
value less than 0.05 statistically significant.
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diffusivity values and age. Corresponding solid and dotted lines on the scatter plots shows
best fit lines for the combined (n = 34), male (n = 19), and female (n = 15) axial and radial

diffusivity data.
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Figure2.

Whole-brain axial diffusivity changes with per unit increase in age (year). Brain sites with
increased and decreased axial diffusivity with per unit increase in age are overlaid onto T1-
weighted background images. Warm colors indicate positive effect sizes between axial
diffusivity and age, and cooler colors show regions with negative effect sizes between axial
diffusivity and age. Maps are displayed in axial views with neurological convention (L =
Left, R = Right), and corresponding slice locations are indicated in MNI space. Color scale
shows both positive and negative axial diffusion values.
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Figure 3.
Whole-brain radial diffusivity changes with unit increase in age (year). Other figure
conventions are the same as in Figure 2.
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Figure4.

Whole-brain effect sizes in axial diffusivity between genders. Brain areas with increased and
decreased radial diffusivity in males over females are overlaid onto a background image.
Other figure conventions are the same as in Figure 2.
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Figureb5.
Whole-brain effect sizes in radial diffusivity between genders. Other figure conventions are
the same as in Figure 2.
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Figure6.

Regions-of-interest (ROISs) are displayed on mean background images, calculated from
normalized and averaged b0 images of all control subjects, and are used to calculate regional
axial and radial diffusivity values. ROIs are shown only for the left side on background
images for clarity. 1, frontal white matter; 2, anterior cingulate; 3, caudate nucleus; 4,
anterior insula; 5, mid insula; 6, posterior insula; 7, occipital white matter; 8, globus
pallidus; 9, anterior thalamus; 10, mid thalamus; 11, posterior thalamus; 12, midline
occipital gray matter; 13, putamen; 14, frontal gray matter; 15, ventral hippocampus; 16,
mid hippocampus; 17, dorsal hippocampus; 18, amygdala; 19, ventral temporal white
matter; 20, mid temporal white matter; 21, dorsal temporal white matter; 22, anterior corpus
callosum; 23, mid corpus callosum; 24, posterior corpus callosum; 25, caudal pons; 26, mid
pons; 27, ventral pons; 28, mid cingulate; 29, posterior cingulate; 30, hypothalamus; 31,
superior cerebellar peduncle; 32, mid cerebellar peduncle; 33, inferior cerebellar peduncle;
34 cerebellar deep nuclei; 35, caudal cerebellar cortex; 36, rostral cerebellar cortex.
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