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Abstract

Cytoarchitectural brain changes within gray matter and fiber tracts during normal aging remain 

poorly characterized, and it is unclear whether rates and patterns of brain aging differ by sex. This 

study used restriction spectrum imaging (RSI) to examine associations between age and brain 

microstructure in 147 community-dwelling participants (aged 56–99). Widespread associations 

with older age in multiple diffusion compartments, including increased free water, decreased 

restricted and hindered diffusion, and reduced neurite complexity, were observed diffusely in 

cortical gray matter, multiple white matter tracts, and the hippocampus. Age differences in cortical 

microstructure were largely independent of cortical thinning. Age-microstructure associations 

were mostly global, though regional foci of stronger effects emerged in fornix, anterior thalamic 

radiation and commissural fibers, as well as in medial temporal, orbitofrontal, and occipital cortex. 
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Age differences in gray and white matter microstructure were stronger and more widespread for 

women than men, even after adjustment for education, hypertension and BMI. RSI may be a 

convenient, non-invasive tool for monitoring changes in gray and white matter diffusion properties 

thought to reflect reduced cellular fractions, neurite density, or neurite complexity, that occur with 

typical aging, and for detecting sex differences in patterns of brain aging.
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1. Introduction

Structural remodeling of the human brain is a dynamic process that continues throughout the 

life-course from development to senescence. After brain maturation peaks in midlife, white 

matter compromise and gray matter atrophy appear, thought to underlie cognitive decline 

that typically emerges in later years. Although in vivo neuroimaging techniques carry the 

advantage over post-mortem histology of offering a window onto the healthy living brain, 

conventional MRI methods have been limited in their capacity to resolve the nuanced 

microstructure requisite to accurately characterize trajectories of neurobiological aging. 

Leveraging increasingly powerful tools to quantify the microstructural footprint of typical 

brain aging will be instrumental in identifying avenues for healthy neurobiological aging, 

and in developing approaches to preserve cognitive health and quality of life into later years.

Morphometric neuroimaging studies have reported widespread cortical thinning and volume 

loss in normal aging, with more severe atrophy accompanying neurodegenerative diseases. 

Whereas neuronal death contributes to atrophy in neurodegenerative disease, histological 

studies have demonstrated relative sparing of cell count in normal aging. Rather, 

cytoarchitectural changes in non-pathological aging include reduced axon and dendrite 

number, spine and synapse loss, and altered myelin morphology (Pannese, 2011). Thus, to 

better characterize normal brain aging, there is outstanding need to bridge this gap between 

post-mortem microscale and in vivo macroscale evidence with imaging techniques sensitive 

to morphometric alterations to neurites, synapses or cell bodies. Diffusion tensor imaging 

(DTI) studies, equipped to assess microstructure in living tissue, have consistently reported 

lower white matter fractional anisotropy (FA), a measure of the directional coherence of 

water diffusion, and higher mean diffusivity (MD), with older age (Bender et al., 2016; 

Bennett and Madden, 2014; Cox et al., 2016; de Groot et al., 2015). However, DTI measures 

an aggregate estimate of diffusion magnitude and direction within each voxel, obscuring 

contributions from cellular compartments that undergo non-uniform changes with aging or 

pathology, thus confounding estimates of tissue integrity (Chad et al., 2018).

Advances in imaging acquisition and modeling have overcome some of the limitations of 

DTI to more accurately characterize tissue microstructure. However, their applications to 

normal brain aging have been limited and inconclusive. Studies using advanced diffusion 

MRI methods such as neurite orientation dispersion and density imaging (NODDI) or 

diffusion kurtosis imaging (DKI) have reported reduced white matter neurite density, axonal 
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water fraction, and orientation dispersion with age (Benitez et al., 2018; Cox et al., 2016; 

Gong et al., 2014; Merluzzi et al., 2016). However, cortical gray matter microstructural 

changes have been minimally examined, with reports of increased free water, but no change 

in neurite density, and decreased, increased, or no change in orientation dispersion, with age 

(Merluzzi et al., 2016; Nazeri et al., 2015). These findings appear at odds with observed 

changes to dendrite morphology and complexity in the aged postmortem brain. Notably, 

these studies examined earlier life periods without focus on the oldest old (85+ years), with 

lower age bounds extending to middle age or young adulthood (Cox et al., 2016; Merluzzi et 

al., 2016; Nazeri et al., 2015). Advanced diffusion MRI investigations targeting older 

populations may improve sensitivity to subtle cytoarchitectural changes occurring in the 

final decades of life.

There is mounting evidence that men and women differ in susceptibility to risk factors for 

cognitive decline, biomarkers of Alzheimer’s disease pathology, and disease progression, as 

well as in rates of cortical atrophy and lesion accumulation (Ferretti et al., 2018; Holland et 

al., 2013; Vinke et al., 2018). However, studies have observed weak and inconsistent sex 

differences in patterns of microstructural brain aging (Cox et al., 2016; Sullivan et al., 2001; 

Vinke et al., 2018). Further investigation is warranted to determine if sex differentially 

influences factors that promote brain aging.

Restriction spectrum imaging (RSI) uses multi-direction, multi-shell diffusion MRI to model 

diffusion orientation along a spectrum of apparent diffusion coefficients, from restricted to 

hindered to free diffusion. As demonstrated by White and colleagues in a histological 

validation study using rat brain tissue (White et al., 2013a), the scale of restricted diffusion 

is consistent with the size of neurites and small constrained spaces. Thus, restricted oriented 

(RO) diffusion likely reflects cylindrical compartments such as axons and dendrites, 

restricted isotropic diffusion (RI) may reflect small spherical spaces such as cell bodies or 

synapses, and crossing fibers (CF) reflect multi-directional restricted diffusion such as that 

in crossing or bending axons or complex dendritic architecture. Hindered isotropic (HI) and 

isotropic free water (IF) diffusion are consistent with extraneurite fractions such as large cell 

bodies or extracellular space, and CSF, respectively. RSI parameters may therefore be 

sensitive to changes in neurite density or complexity, axonal myelination, cell shrinkage or 

loss, or inflammation. RSI has been shown to be superior to DTI at fiber tractography in the 

presence of edema (McDonald et al., 2013), tumor delineation (White et al., 2013b), and 

assessing white matter pathology and treatment outcomes in temporal lobe epilepsy (Loi et 

al., 2016; McDonald et al., 2016). We previously found that restricted diffusion declines and 

IF increases with cognitive decline and amyloid pathology in prodromal Alzheimer’s disease 

(Reas et al., in press; Reas et al., 2018; Reas et al., 2017). Though no studies have used RSI 

to examine normal brain aging, RSI may be a powerful tool for assessing changes to neurite 

or cell body architecture along the age spectrum.

We used RSI to examine associations of age with brain microstructure in community-

dwelling older adults. Effects of age were evaluated on a range of microstructural properties 

across cortical gray matter and multiple white matter fibers to capture a comprehensive 

picture of microstructural brain aging. Regional microstructural changes were examined 

relative to whole-brain magnitudes to isolate areas most vulnerable to age-related injury, and 
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relative to cortical thinning to assess the independence of microstructural change from gray 

matter atrophy. Finally, we examined whether associations between age and RSI measures 

differed in strength or topography between men and women.

2. Material and Methods

2.1 Participants

Participants were members of the Rancho Bernardo Study (RBS) of Healthy Aging (Barrett-

Connor, 2013), a longitudinal study of community-dwelling older adults in southern 

California, who completed a research visit in 2014–2016. Exclusion criteria included safety 

contraindication for MRI, history of stroke, neurological disease, head injury, or treatment 

for an alcohol use disorder. Of the 154 individuals who completed MRI, six were excluded 

due to poor data quality and one due to severe white matter disease, leaving data from 90 

women and 57 men for analysis.

Study procedures were approved by the University of California, San Diego Human 

Research Protections Program Board and participants provided informed written consent 

prior to participation.

2.2 Health and lifestyle assessment

Education level was acquired at enrollment and converted to years of education. Height and 

weight were measured with the participant wearing light clothing and without shoes; body 

mass index (BMI, kg/m2) was used as an estimate of obesity. Blood pressure was measured 

in seated, resting participants by a trained nurse and the mean of two readings, taken five 

minutes apart, was used for analysis. Participants were considered hypertensive if they had 

an average systolic blood pressure reading >140, diastolic blood pressure reading >90, were 

taking antihypertensive medication, or reported a physician diagnosis of hypertension. 

Information on smoking (never versus former; there were no current smokers), exercise 

(three or more times per week, yes/no), alcohol consumption (non-drinker/drinker), and 

history of diabetes was obtained from standard questionnaires.

2.3 Imaging data acquisition

MRI data were acquired on a 3.0 Tesla Discovery 750 scanner (GE Healthcare, Milwaukee, 

WI, USA) with an eight-channel phased array head coil at the UC San Diego Center for 

Functional MRI. The MRI sequences included a three-plane localizer; a sagittal 3D fast 

spoiled gradient echo T1-weighted volume optimized for maximum gray/white matter 

contrast (TE=3.2 ms, TR=8.1 ms, inversion time=600 ms, flip angle=8°, FOV=256×256 

mm, matrix=256×192, slice thickness=1.2 mm, resampled to a resolution of 1×1×1.2 mm, 

scan time 8:27); an axial 2D single-shot pulsed-field gradient spin-echo echo-planar imaging 

sequence for measurement of RSI metrics (45-directions, one b=0 volume, plus b=500, 

1500, 4000 s/mm2 with 15 gradient directions for each non-zero b-value, TE=80.6 ms, TR=7 

s, FOV=240×240 mm, matrix=96×96, slice thickness=2.5 mm, resampled to a resolution of 

1.875×1.875×2.5 mm, scan time 6:34); and an axial 2D single-shot pulsed-field gradient 

spin-echo echo-planar imaging sequence for measurement of DTI metrics (one b=0 volume 

plus 30 gradient directions with b=1000 s/mm2, TE=77.5 ms, TR=12 s, FOV=240×240 mm, 
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matrix=96×96, slice thickness=2.5 mm, resampled to a resolution of 1.875×1.875×2.5 mm, 

scan time 6:12. Both diffusion scans included an additional b=0 volume with reverse phase-

encode polarity for B0 distortion correction.

2.4 Data processing

The automated processing stream was based on FreeSurfer (http://

surfer.nmr.mgh.harvard.edu) with additional tools developed in-house, as previously 

described (Hagler Jr et al., 2019). RSI data were corrected for motion and eddy current 

(Zhuang et al., 2006), B0 susceptibility (Holland et al., 2010), and gradient nonlinearity 

(Jovicich et al., 2006) distortions. Images were inspected and data containing uncorrectable 

artifacts were excluded. Using FreeSurfer’s automated cortical reconstruction, gray matter, 

white matter, and CSF boundaries were delineated on the high-resolution T1-weighted 

structural images and cortical thickness was computed as the distance between the white 

matter and pial surfaces (Fischl and Dale, 2000). RSI data were registered to the T1 volume 

using mutual information (Wells et al., 1996) after coarse pre-alignment to atlas brains. 

Images were resampled to the original RSI acquisition resolution and the diffusion matrix 

was adjusted for head rotation. Resampling was performed using cubic interpolation and a 

registration matrix was created to specify the rigid-body transformation between RSI and 

T1-weighted images. RSI metrics were computed and projected onto the cortical surface. To 

minimize partial volume effects from neighboring CSF and white matter, data were sampled 

within gray matter from up to 0.8–2.0 mm along the normal from the gray/white matter 

boundary, excluding data-points extending beyond the pial surface (Elman et al., 2017). To 

identify white matter fiber tracts, T1 volumes were registered to a probabilistic atlas 

(AtlasTrack) (Hagler et al., 2009). Individual fiber path streamlines were then traced and 

labeled by comparing DTI-derived diffusion orientations to atlas fiber orientations. RI and 

HI were computed as the 0th spherical harmonic coefficients of the restricted and hindered 

compartments, RO and CF were computed as the norm (square root of sum of squares) of 

the 2nd and 4th spherical harmonic coefficients of the restricted compartment, and IF was 

computed as the free water fraction. RSI measures were scaled by the norm of all fit 

coefficients. RSI and cortical thickness maps were registered to common space (fsaverage) 
and smoothed with a full-width half-max 10 mm kernel. Because fiber architecture is poorly 

characterized by the hindered fraction (White et al., 2013a), HI was not examined in white 

matter tracts. All other RSI metrics were computed in fifteen white matter fiber tracts. To 

minimize partial volume effects, voxels containing primarily gray matter or CSF were 

excluded from white matter tracts (Fischl et al., 2002). All RSI measures were computed in 

the hippocampus, automatically segmented according to a subcortical atlas (Fischl et al., 

2002), due to its documented aging-related structural changes. FA and MD were computed 

from the DTI acquisition using standard, linear estimation with log-transformed diffusion-

weighted signals.

2.5 Statistical analysis

Sex differences were assessed using independent sample t-tests for continuous variables, and 

chi-squared tests for categorical variables.
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To examine associations between age and cortical microstructure, general linear models 

(GLM; mri_glmfit, without pruning) were run on gray matter RSI surface maps (RI, HI, RO, 

CF, IF) with a regressor of age. For comparison of age-related changes in cortical 

microstructure and thickness, GLMs were repeated on cortical thickness maps. To determine 

whether age-related changes in microstructure were independent of atrophy, RSI GLMs 

were conducted with age as a global regressor of interest, and cortical thickness as a vertex-

wise covariate (--prv option in mri_glmfit). Pearson’s correlations were computed between 

age and RSI measures in fiber tracts and hippocampus.

To identify regions in which age-microstructure associations were stronger or weaker than 

whole-brain associations, GLMs on RSI metrics were conducted with age as a regressor of 

interest and the respective global (mean across all cortical gray matter) RSI measure as a 

covariate. Partial correlations were calculated between age and fiber tract RSI metrics, 

adjusted for the global (mean across all fibers) RSI measure, and between age and 

hippocampal RSI metrics, adjusted for the global gray matter RSI measure.

To examine sex differences in age-microstructure associations, GLMs on cortical RSI 

surface maps and Pearson’s correlations of age with fiber tract and hippocampal RSI 

measures were performed separately for men and women. Because of the larger sample of 

women, we conducted a sensitivity analysis to determine if sex differences were driven by 

group differences in statistical power. GLMs and correlations were repeated for a subgroup 

of 57 women matched in age to the group of 57 men. To examine whether sex differences in 

age-microstructure associations were mediated by differences in health risk factors, sex-

stratified GLMs and correlations were repeated with adjustment for health or lifestyle 

variables that significantly differed (p<0.05) between men and women.

For comparison with DTI, correlations with age were repeated for fiber tract FA and for MD 

in the hippocampus, cortex, and white matter fibers.

Significance for cortical surface GLMs was set to p<0.01 and corrected for multiple 

comparisons using the false discovery rate (FDR). To further evaluate the topographic 

distribution of correlation effect sizes(Jernigan et al., 2003), Pearson’s correlations were 

overlaid on the cortical surface. Significance for fiber tract and hippocampal ROI analyses 

was set to p<0.003 (p<0.05, Bonferroni adjusted for multiple comparisons across 16 

regions).

Analyses were performed with Freesurfer version 5.3.0 and SPSS version 26.0 (IBM Corp, 

Armonk, NY, USA).

3. Results

3.1 Participant characteristics

Participant characteristics and global RSI measures by sex are shown in Table 1. Participants 

were 61% women and had a mean age of 76.6±7.8 years (range 56–99), with 33% over the 

age of 80 (Supplementary Figure 1). Women had a lower education level (p<0.001), BMI 
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(p=0.003), rates of hypertension (p=0.04), and mean cortical IF (p=0.005), and higher mean 

cortical HI (p=0.003), than men.

3.2 Associations between age and gray matter microstructure

Associations between age and cortical gray matter microstructure are presented in Figure 1 

(p<0.01, FDR-corrected for multiple comparisons) and in Supplementary Figure 2 (un-

thresholded Pearson’s correlations). Older age was associated with lower RI and HI, and 

higher IF diffusely throughout most of bilateral cortex, largely sparing sensorimotor and 

inferior temporal regions. Age demonstrated both positive and negative correlations with RO 

and CF, and theses associations were more spatially restricted; RO and CF negatively 

correlated with age in occipital, orbitofrontal, and medial temporal cortex, and positively 

correlated with age in anterior cingulate and insula.

Correlations of age with fiber tract and hippocampal RSI metrics and are presented in Table 

2. Age negatively correlated with hippocampal RI, RO, CF, and HI and positively correlated 

with hippocampal IF (p<0.001). Age negatively correlated with RI in all fiber tracts 

(p<0.001), with RO in all fiber tracts except cingulum, parahippocampal cingulum, SCS and 

SLF (p<0.003), and with CF in all fiber tracts except cingulum, CST, SIF and SCS 

(p<0.003). Age positively correlated with IF in all fiber tracts except parahippocampal 

cingulum (p<0.001).

3.3 Associations between age and microstructure, independent of atrophy

As shown in Figure 1, age was associated with widespread cortical thinning. Cortical 

thickness demonstrated considerable topographic overlap with isotropic diffusion but more 

weakly corelated with age than did microstructure. To determine if microstructural changes 

were accounted for by cortical atrophy, regressions between age and RSI measures were 

repeated with adjustment for vertex-wise cortical thickness (Figure 2). Comparison of 

Figures 1 and Figure 2 illustrates minimal change after controlling for atrophy, indicating 

that associations of age with all RSI metrics were largely independent of cortical thinning.

3.4 Associations between age and regional microstructure, beyond global microstructure

Associations of age with cortical microstructure, adjusted for the respective global RSI 

metric, are shown in Figure 3. Occipital, entorhinal, parahippocampal and orbitofrontal 

cortex demonstrated age-related reductions in restricted diffusion (RI, RO, CF) that 

significantly exceeded age-related changes across the whole brain. Higher anterior cingulate 

and insula RO and CF more strongly correlated with older age than observed globally.

Table 2 presents correlations of age with hippocampal and fiber tract microstructure, after 

adjustment for the respective global RSI metric. Age remained correlated with hippocampal 

RO, CF, and IF, anterior thalamic RO and CF, corpus callosum RO, forceps minor RO and 

CF, fornix RI, RO, CF, and IF, and striatal inferior frontal RI, indicating stronger than 

average age-related effects in these regions. Weaker than average age-related associations 

were observed for cingulum RO and CF, inferior frontal-superior frontal IF, superior 

corticostriatal CF and superior longitudinal fasciculus RO.
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3.5 Sex differences in associations between age and microstructure

Older age correlated with lower global cortical RI and HI, and higher global IF for women 

and men, and with lower global CF for women (Supplementary Figure 3). Figure 4 (FDR-

corrected) and Supplementary Figure 4 (un-thresholded) show regressions of age with 

cortical microstructure, stratified by sex. Older age in women was associated with 

widespread reductions in RI and HI, and increases in IF, with a comparable topography to 

that observed in the full sample. In men, age effects for HI and IF were weaker and more 

limited in distribution, and no associations with RI reached significance. Associations of age 

with RO and CF were comparable for men and women, though only those for women 

attained significance.

Age correlated with lower global fiber RI and RO, and higher global IF for women and men, 

and with lower global CF for women (Supplementary Figure 3). Consistent with the cortical 

surface results, age correlated with all RSI metrics across fiber tracts and hippocampus, 

more strongly for women than for men (Table 3).

To examine whether sex differences were attributable to power differences due to the larger 

sample of women, sex-stratified analyses were repeated on a subset of 57 women (77.3±7.9 

(58–99) years) matched in age to the group of 57 men (77.3±7.9 (56–97) years). As shown 

in Supplementary Figure 5 and Supplementary Table 1, the age-RSI associations were only 

slightly attenuated in the subset of age-matched women, and the pattern of stronger effects 

for women remained.

Sex-stratified associations between age and RSI measures, adjusted for education, 

hypertension, and BMI, are shown in Supplementary Figure 6 and Supplementary Table 2. 

Associations between age and microstructure were slightly attenuated for both sexes, 

eliminating most correlations between age and gray matter microstructure in men. However, 

the robust sex differences in correlation strength remained after covariate adjustment.

3.6 Comparison with FA and MD

Older age was associated with higher MD throughout most of the cortex (Supplementary 

Figure 7), with a comparable topography to that for IF. Correlations between age and MD in 

hippocampus and fibers (Supplementary Table 3) were similar to those for IF (Table 2). 

Correlations between age and FA were comparable to those for RO, but were somewhat 

weaker than correlations for RI.

4. Discussion

This study used RSI to examine differences in brain microstructural properties with age in 

community-dwelling older adults. Results showed widespread increases in free water, 

accompanied by decreases in intraneurite and extraneurite diffusion and neurite complexity, 

in gray matter and white matter fibers with advancing age. Age-related microstructural 

differences varied topographically in strength and were largely independent of cortical 

atrophy. These findings expand upon prior reports that age-related microstructural injury is 

more prevalent in white matter than gray matter, to suggest that gray matter is similarly 

susceptible to cellular aging. Associations of age with microstructure were markedly 
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stronger for women than men, helping to clarify prior uncertainty over sex differences in 

brain aging and highlighting a heightened vulnerability to cytoarchitectural damage for 

aging women.

Consistent with prior evidence that white matter free water increases, and fractional 

anisotropy, neurite density, and fiber complexity decline with age (Benitez et al., 2018; Cox 

et al., 2016; Merluzzi et al., 2016), we observed increased free water and reduced restricted 

diffusion and fiber complexity with age in most fiber tracts examined. This may reflect age-

related decline in axonal density or demyelination that has been documented in histological 

studies (Pannese, 2011). Though microstructural changes were notably widespread, the 

strongest effects were observed in fornix, anterior thalamic radiation and commissural fibers. 

While few studies have examined regional variations in the strength of white matter changes 

with age, relative to more widespread effects, Cox and colleagues (Cox et al., 2016) 

similarly reported particular susceptibility of thalamic radiations to older age.

Age was also associated with multiple gray matter RSI measures, building upon prior 

findings of increased gray matter free water with minimal effects on cortical neurite density 

or complexity (Merluzzi et al., 2016; Nazeri et al., 2015). Widespread free water increases, 

consistent with reports of increased cortical MD with age (Ni et al., 2010; Salminen et al., 

2016) indicating expansion of the CSF space, topographically complemented reductions in 

restricted and hindered isotropic diffusion. Thus, the CSF space may expand in parallel with 

loss, shrinkage or dystrophy of neuronal or glial cell bodies, neurites, or synaptic 

compartments. Cortical RO and CF were also reduced, pointing to declining neurite density. 

Though dendrites may predominate in gray matter, prior studies demonstrating strong 

correspondence between cortical neurite density and myelin maps (Fukutomi et al., 2018) 

indicate that the RO and CF changes observed here may also signal reduced axon density 

within gray matter with age. These findings diverge from diffusion imaging studies in which 

gray matter neurite density and complexity were not reliably associated with age (Merluzzi 

et al., 2016; Nazeri et al., 2015), but align with histological evidence for age-related loss of 

dendrites, spines and synapses (Pannese, 2011). The subtle cytoarchitectural changes 

detectable here may be attributable to the more nuanced characterization of tissue 

architecture by RSI compared to other diffusion models, such as the inclusion of restricted 

isotropic and hindered volume fractions, or to the older age range and relative homogeneity 

of the RBS population. Notably, age-related microstructural changes remained after 

accounting for cortical thickness, suggesting that RSI characterizes cortical structure based 

upon information that is independent of atrophy. However, these findings should be 

interpreted with caution, as correction for cortical thickness may not fully capture 

contributions from atrophy if diffusion parameters and thickness are not linearly related 

(Metzler-Baddeley et al., 2012).

Correlations with age were generally comparable between FA and RO, and between MD and 

IF. These findings highlight the consistency of RSI with expected age-related free water 

increases and reductions in white matter oriented diffusion that have been widely reported in 

prior studies (Bender et al., 2016; Bennett and Madden, 2014; Cox et al., 2016; de Groot et 

al., 2015; Ni et al., 2010; Salminen et al., 2016). However, additional age differences were 

observed for restricted (RI, CF) and hindered (HI) diffusion, including stronger age 
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correlations for RI than FA, pointing to further cytoarchitectural changes with age beyond 

those captured by conventional DTI.

We observed the strongest age-dependent microstructural compromise localized to occipital, 

orbitofrontal and medial temporal cortex. Although the retrogenesis hypothesis of aging 

posits that later developing white matter tracts and cortical regions, including frontal and 

parietal cortex, are earliest to degenerate (Raz, 2000), we were unable to assess the earliest 

age-related changes, given the age range of our sample. Age-related frontal and medial 

temporal atrophy, in line with our results, have been commonly found (Fjell et al., 2009a; 

Thambisetty et al., 2010), whereas occipital thinning has been less often reported. Other 

studies including participants over age 90 have also observed occipital atrophy (Fjell et al., 

2009a; Salat et al., 2004), which is magnified in older age relative to midlife (McGinnis et 

al., 2011). Thus, the posterior cortical thinning found in our sample, which included a large 

number of the oldest old and few in middle age (33% between ages 80–99, 2% under age 

60), may be characteristic of atrophy patterns in the latest decades of life.

Unexpectedly, RO, CF, and cortical thickness increased with age in anterior cingulate and 

insula. Though the basis of this finding cannot be resolved from this study, one possibility is 

particular resilience of these areas to brain aging, supported by prior reports that anterior 

cingulate thickness is relatively spared with age (Fjell et al., 2009b). These regions exhibit a 

distinct preponderance of von Economo neurons, which show marked stability of number in 

older age (Allman et al., 2011) and are abundant in “SuperAgers” aged 80 years or more 

with exceptional memory (Gefen et al., 2015). Here, if selection bias favors preserved brain 

health with age, estimates of microstructural integrity may be inflated in the oldest of our 

sample. Consistent with this explanation, Fjell and colleagues (Fjell et al., 2006) observed 

that, compared to both young adults and average-performing older adults, older adults with 

high fluid abilities had greater thickness with age in posterior cingulate and subcallosal 

gyrus, regions neighboring those showing age-related increases in RO/CF here. Longitudinal 

investigation is needed to evaluate within-subject increases in RO or CF over time, which 

may reflect compensatory dendritic sprouting or increased axonal density.

Associations between age and microstructure were stronger for women than men, even after 

considering sample size imbalances, and after adjusting for differences in education, BMI, 

and hypertension. These striking sex differences help to resolve previous ambiguity 

regarding sex differences in microstructural changes with age (Cox et al., 2016; Sullivan et 

al., 2001; Vinke et al., 2018). Further, they corroborate evidence that risk for cognitive 

decline and rates of atrophy preceding dementia are greater for women, and that risk factors 

for cognitive impairment, and the expression of brain pathology differ between men and 

women (Ferretti et al., 2018). During midlife, decline in diffusion MRI parameters of brain 

microstructure has been found to begin earlier in men (age 29) than women (age 43) (Toschi 

et al., 2019), raising the possibility that for women, cytoarchitectural brain changes are 

delayed and may be more pronounced in later decades. Typical neurobiological aging may 

be accelerated in women due to differences in genetics, hormones, or life-course exposure to 

lifestyle risk factors, which may enhance vulnerability to disease and exacerbate clinical and 

cognitive manifestations (Andrew and Tierney, 2018). Survivor bias may also contribute to 
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the observed sex differences. Further research will aid in elucidating health, sociocultural, or 

hormonal factors that may hasten brain aging for women.

The RBS population compromises mostly white, educated, relatively healthy middle-class 

Americans, which limits generalizability of our observed patterns of brain aging to more 

diverse or less healthy cohorts. However, these properties also minimize confounding due to 

variance in socioeconomic status or access to healthcare. Considering the age range of our 

sample, we cannot exclude the possibility that latent Alzheimer’s disease pathology 

contributed to our brain measures. Because cross-sectional studies are susceptible to 

survivor bias and may over- or underestimate effects of chronological aging (Nyberg et al., 

2010; Raz et al., 2005), longitudinal investigations are needed to help clarify how age drives 

intra-individual microstructural changes. The RSI acquisition is not necessarily optimized 

and may be further improved with different b-values or a greater number of diffusion 

directions, though with a tradeoff of longer acquisition time. Finally, because RSI is a 

biophysical model of diffusion patterns that indirectly approximates underlying cellular 

architecture, caution should be taken in inferring the neurobiological origin of the age-

related differences in diffusion properties reported here.

5. Conclusions

This study identified associations of age with widespread gray and white matter 

microstructural compromise that were more pronounced for women than for men. Aging 

may induce significant changes to neuronal or glial architecture even in the absence of gross 

cell loss and atrophy. RSI may be a convenient, non-invasive tool for monitoring 

neurobiological aging and for assessing efficacy of lifestyle interventions intended to 

preserve brain health in later life.
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HIGHLIGHTS:

• We used RSI to assess associations between age and brain microstructure

• Age correlated with restricted, hindered and free diffusion in cortex and fibers

• Age-RSI associations were stronger and more widespread for women than for 

men

• Gray matter age-RSI associations persisted after controlling for cortical 

thickness

• Regional age-RSI associations emerged after adjusting for whole-brain RSI
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Figure 1. Associations of age with cortical microstructure and thickness.
Warm colors indicate positive correlations and cool colors indicate negative correlations, of 

age with gray matter RSI metrics (RI, HI, RO, CF, IF) and cortical thickness (p<0.01, FDR 

corrected).
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Figure 2. Associations between age and cortical microstructure, controlling for cortical 
thickness.
Figure conventions are the same as for Figure 1.
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Figure 3. Associations between age and cortical microstructure, controlling for global 
microstructure.
RSI metrics are adjusted for the respective global (mean across all gray matter) RSI metric. 

Figure conventions are the same as for Figure 1.
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Figure 4. Associations between age and cortical microstructure, stratified by sex.
Figure conventions are the same as for Figure 1.
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Table 1.

Participant characteristics and global RSI measures by sex (mean±SD unless otherwise noted).

Women (N=90) Men (N=57)

Age (years) 76.2±7.8 77.3±7.9

Education (years) 14.4±1.9 15.8±2.0 ***

Exercise (% 3+times/week) 74 79

Smoking (% ever) 37 47

Alcohol consumption (% drinker) 87 82

BMI 25.2±4.3 27.1±3.1 **

Hypertension (%) 53 70 *

Diabetes (%) 8 16

3MS (adjusted for age and education) 94.8±4.6 94.9±4.8

Fiber RI 0.42±0.03 0.42±0.02

Fiber RO 0.55±0.02 0.55±0.02

Fiber CF 0.22±0.01 0.23±0.01

Fiber IF 0.25±0.03 0.26±0.03

Gray matter RI 0.29±0.02 0.29±0.02

Gray matter RO 0.19±0.01 0.18±0.01

Gray matter CF 0.11±0.01 0.11±0.01

Gray matter HI 0.74±0.04 0.72±0.04 **

Gray matter IF 0.41±0.06 0.44±0.06 **

*
p<0.05,

**
p<0.01,

***
p<0.001

3MS=Modified Mini-Mental State Test; BMI=body mass index; CF=crossing fibers; HI=hindered isotropic; IF=isotropic free water; RI=restricted 
isotropic; RO=restricted oriented
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Table 2.

Pearson’s correlations (r) or partial correlations (r, adjusted for global RI, RO, CF, HI, or IF) between age and 

hippocampus or fiber tract RI, RO, CF, HI and IF.

r Partial r(adjusted for global RSI)

RI RO CF HI IF RI RO CF HI IF

Hippocampus −0.37 −0.44 −0.39 −0.35 0.54 −0.12 −0.45 −0.30 −0.03 0.25

ATR −0.62 −0.51 −0.51 - 0.64 −0.23 −0.27 −0.37 - 0.20

Cingulum −0.53 −0.05 0.12 - 0.36 −0.01 0.31 0.30 - −0.11

Corpus callosum −0.63 −0.54 −0.42 - 0.62 −0.16 −0.26 −0.20 - 0.09

CST −0.49 −0.32 −0.14 - 0.56 0.03 −0.09 0.17 - 0.12

Forceps major −0.47 −0.38 −0.25 - 0.55 0.01 −0.07 0.03 - 0.15

Forceps minor −0.58 −0.55 −0.46 - 0.49 −0.14 −0.30 −0.29 - −0.09

Fornix −0.63 −0.63 −0.59 - 0.66 −0.35 −0.48 −0.51 - 0.40

IFO −0.54 −0.40 −0.30 - 0.61 0.11 0.02 −0.02 - 0.10

IFSF −0.54 −0.31 −0.36 - 0.45 0.06 0.11 −0.09 - −0.25

ILF −0.46 −0.31 −0.31 - 0.46 0.17 0.14 −0.05 - −0.12

Parahippocampal cingulum −0.34 −0.15 −0.39 - 0.20 0.02 0.06 −0.23 - 0.00

SCS −0.51 −0.16 −0.07 - 0.52 0.16 0.11 0.41 - −0.04

SIF −0.64 −0.26 −0.20 - 0.51 −0.25 0.08 0.13 - −0.09

SLF −0.47 −0.14 -0.29 - 0.44 0.20 0.34 0.04 - −0.19

Uncinate −0.57 −0.33 −0.28 - 0.49 −0.10 0.05 −0.01 - −0.09

Bold values are significant at p<0.003.

HI was not examined in fiber tracts due to its poor characterization of white matter microstructure.

ATR=anterior thalamic radiation, CF=crossing fibers, CST=corticospinal tract, HI=hindered isotropic, IF=isotropic free water, IFO=inferior frontal 
occipital, IFSF=inferior frontal superior frontal, ILF=inferior longitudinal fasciculus, RI=restricted isotropic, RO=restricted oriented, SCS=superior 
corticostriatal, SIF=striatal inferior frontal, SLF=superior longitudinal fasciculus
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Table 3.

Pearson’s correlations (r) between age and hippocampus and fiber tract RSI measures separately for men and 

women.

Women Men

RI RO CF HI IF RI RO CF HI IF

Hippocampus −0.37 −0.49 −0.41 −0.42 0.62 −0.38 −0.34 −0.36 −0.24 0.40

ATR −0.69 −0.59 −0.58 0.72 −0.48 −0.37 −0.40 0.50

Cingulum −0.61 −0.07 0.06 0.31 −0.44 −0.03 0.16 0.44

Corpus callosum −0.74 −0.67 −0.53 0.72 −0.45 −0.33 −0.28 0.46

CST −0.55 −0.37 −0.19 0.61 −0.37 −0.28 −0.10 0.49

Forceps major −0.63 −0.49 −0.31 0.66 −0.27 −0.23 −0.19 0.43

Forceps minor −0.65 −0.63 −0.52 0.57 −0.46 −0.40 −0.39 0.34

Fornix −0.69 −0.68 −0.63 0.73 −0.56 −0.57 −0.55 0.60

IFO −0.62 −0.51 −0.39 0.71 −0.40 −0.21 −0.15 0.49

IFSF −0.64 −0.38 −0.52 0.53 −0.36 −0.18 −0.11 0.32

ILF −0.49 −0.40 −0.33 0.58 −0.41 −0.16 −0.28 0.32

Parahippocampal cingulum −0.37 −0.25 −0.38 0.20 −0.38 −0.01 −0.41 0.21

SCS −0.71 −0.36 −0.35 0.61 −0.53 −0.10 −0.01 0.33

SIF −0.59 −0.27 −0.21 0.59 −0.36 0.02 0.07 0.41

SLF −0.54 −0.20 −0.40 0.45 −0.35 −0.09 −0.16 0.44

Uncinate −0.63 −0.45 −0.40 0.60 −0.49 −0.11 −0.08 0.32

See footnotes for Table 2.
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