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Abstract

The few extant reports of longitudinal white matter (WM) changes in healthy aging, using
diffusion tensor imaging (DTI), reveal substantial differences in change across brain regions and
DTI indices. According to the last-in-first-out hypothesis of brain aging late-developing WM
tracts may be particularly vulnerable to advanced age. To test this hypothesis we compared age-
related changes in association, commissural and projection WM fiber regions using a skeletonized,
region of interest DTI approach. Using linear mixed effects models, we evaluated the influences of
age and vascular risk at baseline on seven-year changes in three indices of WM integrity and
organization (axial diffusivity, AD, radial diffusivity, RD, and fractional anisotropy, FA) in
healthy middle-aged and older adults (mean age = 65.4, SD = 9.0 years). Association fibers
showed the most pronounced declines over time. Advanced age was associated with greater
longitudinal changes in RD and FA, independent of fiber type. Furthermore, older age was
associated with longitudinal RD increases in late-developing, but not early-developing projection
fibers. These findings demonstrate the increased vulnerability of later developing WM regions and
support the last-in-first-out hypothesis of brain aging.
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1. Introduction

Healthy aging is associated with changes in brain structure and function. Although the
evidence of differential age-associated regional brain shrinkage is consistent across multiple
studies (see Raz & Rodrigue, 2006, Raz & Kennedy, 2009; Fjell et al. 2014 for reviews),
considerably less is known about age-related changes in microstructural properties of
cerebral white matter (WM). The invention of diffusion tensor imaging (DTI; Basser et al.,
1994) enabled investigations of WM microstructure and organization through fitting brain
water diffusion data to a tensor and quantifying diffusion properties in three principal
directions by indices computed from the diffusion tensor eigenvalues: fractional anisotropy
(FA), axial diffusivity (AD) and radial diffusivity (RD). In the past decade, numerous
studies reported age-related differences in all DTI-derived indices (see Madden et al, 2012
for a review).

Cross-sectional studies in humans and postmortem examination of age-related WM
differences in the brains of non-human primates suggest WM deterioration occurs in late
adulthood (Peters, 2002). The pattern and magnitude of such age differences vary across
brain regions and among DTI indices and are consistent with the notion of differential
vulnerability (Hasan et al., 2009a; Hasan et al., 2009b; Kochunov et al., 2012; Lebel &
Beaulieu, 2011; Lebel et al., 2012). The reasons for differential predilection of some WM
regions to declines in aging remain unclear. Because the molecular compaosition of normal
cerebral WM does not vary across the brain (Paus et al., 2014), it is unlikely that the
observed pattern of WM age differences reflects differential sensitivity of cellular and
molecular processes involved in WM maintenance.

Whereas cellular structure of WM is uniform throughout the brain, its local organization
varies across the brain regions and tracts. Neuroanatomists identify three major classes of
the cerebral WM: intracortical (incorporated in the layers of the gray matter), *“‘superficial’’
(e.g., U-fibers) and long-range bundles of fibers or tracts (Paus et al., 2014). By considering
the origins and targets of the long range tracts, WM fibers may be further classified into
three major groups: projection, commissural, or association tracts (Catani, 2000). Significant
heterochrony of WM development has been suggested by postmortem studies that report
early emergence of the projection fibers and protracted maturation of the association tracts
(Flechsig, 1901; Hermoye et al., 2006). Longitudinal DTI studies of infants and children are
consistent with heterochronic development of the long-range WM tracts, although it remains
unclear which processes (myelination, axon expansion or changes in cytoskeleton density)
determine maturational WM changes observed on MRI (Simmonds et al., 2014; Giorgio et
al., 2010; Paus, 2010; Lebel & Beaulieu, 2011; Bava et al., 2010).

Observations on differences and changes in WM across the lifespan prompted several
hypotheses linking heterochronic age-related decrements in WM microstructure to common
patterns of WM development. Specifically, the last-in-first-out hypothesis (Raz, 2000, 2001)
postulates that tracts that are late to mature, and particularly late-myelinating fibers, are
more vulnerable to insult and decline in later life (Gao et al., 2011; Lu et al., 2011). A
stronger retrogenesis hypothesis posits a more specific mirroring of developmental
progression by age-related course of decline (Reisberg et al., 1999; Brickman et al., 2012).
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Testing of such hypotheses of WM aging is hampered by reliance on cross-sectional
designs, which may inform about age-related differences, but are poorly suited for
evaluating individual differences in change and may underestimate the rate of age-related
longitudinal WM decline (Hofer & Sliwinski, 2001; Lindenberger et al. 2011). Longitudinal
studies of other putative measures of brain health, such as regional volumes, have shown
poor agreement with cross-sectional investigations (Raz et al., 2005; 2010; Pfefferbaum &
Sullivan, 2015), but similar comparisons of WM measures are still scarce. To date, only a
handful of studies have examined trajectories of WM change in healthy adults through
application of DTI-derived indices of brain microstructure and organization (Barrick et al.,
2010; Bender & Raz, 2015; Lévdén et al., 2014; Sullivan et al., 2010a; Sexton et al., 2014;
Teipel et al., 2010). Notably, these studies were restricted to only two measurement
occasions and hence could not elucidate the trajectories of WM aging. Only two studies to
date have evaluated change over three or more occasions (Pfefferbaum et al., 2014; Vik et
al., 2015). Moreover, these investigations (with exception of Bender & Raz, 2015 and
Lévdén et al., 2014) did not attempt to examine individual differences in the rate of change,
and did not take into account the influence of prevalent age-related risk factors (except
Bender and Raz, 2015) and pathological WM changes (except Sexton et al., 2014; Bender
and Raz, 2015).

The association between the burden of white matter hyperintensities (WMH) that are
observed on T2-weighted MRI scans and reflect multiple age-related pathological processes
(Erten-Lyons et al., 2013), and DTI indices of WM diffusion have been demonstrated in
cross-sectional (Vernooij et al., 2008, 2009) and longitudinal (Sexton et al., 2014) studies.
WMH reflect a diverse set of inter-related metabolic, inflammatory and vascular risk factors
that affect the brain in ostensibly healthy adults (Jagust, 2013; Raz & Rodrigue, 2006;
Kennedy & Raz, 2015). Elevated blood pressure and hypertension (even treated and
reasonably well-controlled) are associated with differences in DTI-derived indices even in
selective healthy samples (Artero et al., 2004; Bender & Raz, 2015; Burgmans et al., 2010;
Kennedy & Raz, 2009; Raz, Rodrigue, Kennedy, & Acker, 2007; Raz et al., 2012). It is
important, therefore, to include such factors in analyzing the trajectories of brain aging,
especially in samples with significant proportion of older participants.

To address some of the outlined limitations of the extant studies, we sought to characterize
the longitudinal changes in WM diffusion properties in a sample of healthy middle-aged and
older adults, who were measured at one to four occasions over seven years. We
hypothesized that the rate of change in diffusion properties of normal appearing WM over
that period would differ by fiber tract type, and by the region. Specifically, in accordance
with the last in-first-out hypothesis, we expected the greatest longitudinal decline in
association fibers, lesser change in the commissural regions and relative stability of
diffusion properties in the projection fibers. Furthermore, based on prior findings (Bender &
Raz, 2015; Lévdén et al., 2014; Sexton et al., 2014), we hypothesized that advanced aging
would be associated with greater declines in FA and increase in radial diffusivity (RD)
compared to less pronounced changes in axial diffusivity (AD).
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2. Methods

2.1 Participants

Participants were paid volunteers recruited from a major metropolitan area in the
Midwestern United States by print media advertisements, flyers, and word of mouth. This
sample overlaps with previously reported samples that were assessed at baseline (Kennedy
& Raz, 2009) or on three occasions, with other brain indices (Raz et al., 2012). The sample
analyzed here includes those who were at least 50 years of age at first DTI assessment, and
had one to four longitudinal assessments.

At each measurement occasion, all participants provided written informed consent, in accord
with the guidelines for human subject research established by the University Institutional
Review Board and the Declaration of Helsinki. Participants were screened via self-report
questionnaire for history of neurological and psychiatric disorders, cardiovascular disease
other than physician diagnosed and medically treated essential hypertension, diagnosis or
treatment for endocrine disorders, head injury accompanied by loss of consciousness for
more than five min, use of anxiolytic, antidepressant, or antiepileptic medications, or
consumption of more than three alcoholic beverages per day. In addition, participants were
screened in the laboratory for cognitive impairment with the Mini Mental Status
Examination (Folstein et al., 1975; baseline cutoff = 26), and for symptoms of depression
with the Geriatric Depression Questionnaire (CES-D; Radloff, 1977; cut-off = 15). All
participants reported right-hand dominance with scores > 75% on the Edinburgh
Handedness Inventory (Oldfield, 1971).

The sample included 38 healthy adults (55% women), who were 50 to 84 years of age at
first DTI assessment (mean age = 65.4, SD = 9.0 years). Men and women did not differ in
age, MMSE scores, or blood pressure (Table 1). The mean education exceeded four years of
college (mean education = 16.8, SD = 2.5 years), and there was only a nonsignificant trend
for men to report more years of formal schooling compared to women. Furthermore,
proportion of self-reported smoking, regular exercise or frequency thereof, and diagnosed
hypertension did not differ as a function of participant sex. Eleven participants who
developed additional health problems between the third and the fourth measurement
occasions, did not differ from the remainder of the sample in baseline demographics, health
characteristics, or rates of WM change (see Supplementary Materials 1.1 and Supplementary
Table 1 for a complete description).

Although MRI scans were administered at four separate occasions (i.e., T1, T2, T3, and T4),
because the DTI sequence was introduced to the protocol midway through the first wave
(T21), the first 22 out of the 38 participants did not have DTI scans at T1. Thus, T2 occasion
served as the baseline for those 22 participants. Across the sample, the mean intervals
between consecutive occasions of measurement were: mean T1-T2 delay = 14.93 months
(SD =1.38; n = 13); mean T2-T3 delay = 15.58 months (SD = 2.65; n = 31); mean T3-T4
delay = 58.06 months (SD = 5.28; n = 19). In addition two participants underwent DTI
scanning only at T2 and T4, and the mean delay for them was 81.00 months (SD = 5.65).
Three participants had DTI scans only at T1 and T4, and the mean delay for this group was
86.00 months (SD = 0.08).
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The sample included three participants who had only baseline measures - older adults (80.5,
73.3 and 67.5 years of age) who acquired contraindications to MRI (e.g., cardiac pacemaker)
between the measurement occasions. By keeping them in the sample we gained a better
understanding of the baseline cross-sectional relationship between the measures of interest
and age. The remaining 35 participants completed at least one follow-up assessment: 13
participants completed two waves of assessment, 16 participants completed three
measurement occasions, and six were scanned at all four occasions. As apparent from Figure
1, there is no relationship between participants’ age and the length of participation in the
study. The correlation between average age and number of measurement occasions is
essentially zero (r = 0.03; p = 0.83). We therefore believe that potentially biasing influence
of different numbers of measurement occasions on age-related changes is negligible.

At each measurement occasion, trained technicians measured participants’ blood pressure.
Assessments were taken while the participant was seated, from the left and right arms, on
two separate days. Blood pressure measurements employed an auscultatory method to
measure with diastole phase V for identification of diastolic pressure (Pickering et al.,
2005). The values for both arms were averaged across days to obtain the mean systolic and
diastolic pressure for each occasions reported in Table 1.

2.2 MRI acquisition

Across all occasions the participants were scanned on the same 1.5T Siemens Magnetom
Sonata scanner (Siemens Medical. Systems, Erlangen, Germany). DTI data were acquired in
the axial plane using a single-shot echo planar imaging (EPI) sequence with the following
parameters: repetition time TR = 5400 ms, echo time TE = 97 ms; 6 gradient encoding
directions with a b-value=1000 s/mm?, one image with no diffusion weighting (b = 0), 10
averages; voxel size = 1.8 x 1.8 x 3.0 mm3; distance factor = 0.

2.3 DTI Processing and Sampling

DTI processing employed a custom pipeline implemented in a Bourne shell using the
FMRIB software library (FSL; Jenkinson et al., 2012) v5.0.2 (Analysis Group, FMRIB,
Oxford, UK). See Bender and Raz (2015) for a complete description of all pipeline
functions. The pipeline was designed to maintain the original signal characteristics from
multiple measurement occasions by sampling from native space data, in an effort to
minimize undue potential interpolation and artifacts due to spatial normalization and
transformations. In addition, we restricted data to exclude WMH and cerebrospinal fluid
(CSF) from analysis. We used the tract-based spatial statistics (TBSS; Smith, 2006) pipeline
only to create a common, group-wise skeleton mask and to deproject this skeletonized WM
mask and skeletonized probabilistic atlas-based regions of interest (ROIs) for native space
sampling.

2.3.1 Intra-subject Longitudinal Common Space Registration—The present
processing approach used the TBSS pipeline to 1) generate a group-wise WM skeleton, and
then to 2) deproject atlas-derived ROIs restricted to the WM skeleton for sampling DTI
indices from individual native space. However, to optimize within-person spatial
correspondence between measurement occasions prior to group-wise normalization and
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skeletonization with TBSS pipeline, we co-registered the individual b0 images for each
participant in order to calculate a common, intermediate space between occasions (Figure
2a). This method accounted for the variable number of data points per participant and
individual differences in timing of measurement (i.e., participants measured on first and
third occasions, vs. participants measured on second, third, and fourth occasions). For
participants with four longitudinal data points, the Time 2 (T2) b0 image was registered to
Time 1 (T1) image, and Time 4 (T4) image was registered to the one obtained at Time 3
(T3). The transformation matrices from each registration were used to calculate the
intermediate space between the images. Subsequently, the co-registration of two
intermediate space images was similarly used to determine a final space common across all
measurement occasions. If only three measurements were available, the T2 image was
registered to the one obtained at T1 and the T3 image was then registered with the
intermediate T1-T2 space.

2.3.2 WMH/CSF Masking—The pipeline used the FAST tool (Zhang et al., 2001) to
segment the native b0 images into six separate masks based on voxel intensity (Figure 2b).
The segmented masks for the T2-weighted b0 images included peripheral image noise
outside the brain, cortical ribbon and CSF-cortex interface, hyperintense ventricular regions
reflecting CSF or WMH, as well as normal appearing WM, WM-cortex interface and
subcortical gray matter nuclei. The two segmented masks representing normal appearing
WM were summed and binarized into a WM mask that excluded CSF and WMH for each
participant. The resulting WM mask for each participant was inspected in comparison with
the native b0 image to ensure the accuracy of the segmentation.

2.3.3 Tensor Fitting & WM Skeleton Mask Creation—We employed the default FSL
tensor fitting procedures on native space images, while also saving the tensor data.
Following calculation of the common image space (see 2.3.1, above), the b-vectors were
rotated accordingly, and the saved tensor components were refitted into the common space
for each subject. Next, we submitted the resultant, common space FA images to the TBSS
pipeline, which nonlinearly registered the FA images to standard MNI space and derived a
group-wise WM skeleton one voxel in width. The final TBSS processing step used a
threshold of 0.3 to limit the more peripheral and less reliable aspects of the WM skeleton.

2.3.4 WM Skeleton Deprojection & Atlas-based ROI Creation—Following TBSS
skeletonization, the pipeline used the native tbss_deproject routine to diffeomorphically
deproject 1) the mean group skeleton mask, and 2) skeletonized, WM atlases to subjects’
individual native space (Figure 2c). The JHU-ICBM white matter atlas labels at 1mm, and
the JHU-ICBM white matter tractography atlas were transformed to native space using the
inverse transformation matrices from TBSS processing and common space determination.
This approach limited atlas deprojection only to the mean WM skeleton. Following atlas
deprojection along the WM skeleton, separate skeletonized ROIs were generated. These
were used to sample FA, AD, and RD from the native space DTI data, masked to exclude
CSF/WMH. In addition, the masks for genu and splenium were used subtractively with
those for forceps minor and major, respectively, so that these regions might be sampled
separately.
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2.3.4 ROIs—To limit the likelihood of spurious findings, we chose 12 ROIs for analysis,
based on the extant findings relating age to DTI-based WM measures. The selected ROI set
was comprised of seven inherently bilateral ROIs - five association fiber tracts (cingulum
bundle [CB], inferior frontal-occipital fasciculus [IFOF], inferior longitudinal fasciculus
[ILF], superior longitudinal fasciculus [SLF], uncinate fasciculus [UF]), and two projection
(anterior limb of internal capsule [ALIC], posterior limb of internal capsule [PLIC]), as well
as five commissural ROIs including three sampled from the midline (corpus callosum [CC]
genu, body, and splenium) and two sampled bilaterally (forceps minor and forceps major).
The latter provided more distal values for anterior and posterior commissural fiber tracts.

2.4 Statistical analyses

Linear mixed effects (LME) models were used to account for the hierarchical structure of
thej =1, ..., (J =12) ROIs nested within individuals i = 1, ..., (N = 38), and measured
across atotal of t =1, ..., (T = 4) time points. Sex was included as a covariate in all models
and if found non-significant, removed from further analyses. Three separate analyses were
carried out for fractional anisotropy (FA), radial diffusivity (RD), and axial diffusivity (AD).
For each DTI index, average values across hemispheres were computed for all bilateral
ROIls. Analyses were carried out using the Ime4 (Bates et al., 2014) and ImerTest
(Kuznetsova et al., 2014) packages in R (R Core Team, 2014). The full model is given in
Equation 1:

Yijt=00+01 Timey~+0Fo Initial Age,
+03 Projection j+B4 Commissuralj
+8s Timeir X Initial Age; +07 Time; x Projection;+Bs Time;
x Commissural ;
TGitGteqt

The dependent variable yjj; denotes one of the three DTI indices for individual i, ROI j and
time point t. To reduce multicollinearity and to ease parameter interpretation, participants’
age at the first measurement occasion (Initial Agei;) was group-mean centered by
subtracting the average age at that time point (65.40 years). Likewise, participants’ age at
each measurement occasion (Time;;) was centered at 70, which is close to the overall median
of age (68.17 years). Fiber type (association, projection, commissural) and a binary (yes, no)
high blood pressure diagnosis (HBP;) were entered as dummy variables, with association
fibers and normal blood pressure serving as baseline measures for comparison. Thus, the
intercept /4 reflects the overall level of FA, RD, AD, respectively, in association fibers for a
70-year old person with normal blood pressure, who entered the study at an age of 65.40
years. Higher order interactions were tested for alterations in the magnitude of change
associated with differences in baseline age (Time x Initial Agey,) , or by fiber type (Time;
x projection; x Time;; xcommissuralj). Var(¢j), Var(g), Var(sjy) denote the variance
components for persons, ROIs, respectively, as well as the remaining error variance.

Out of a maximal number of 1824 observations = [38 participants x 4 occasions x 12
regions], 1212 could be realized. Parameter estimation in the presence of missingness was
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carried out under the missing at random assumption by means of restricted maximum
likelihood estimation. P-values of parameter estimates are calculated based on
Satterthwaite's approximation as implemented in ImerTest (Kuznetsova et al., 2014),
whereas variance components were tested based on likelihood ratio comparisons using
unrestricted maximum likelihood estimation. To limit potentially spurious findings, we used
an alpha value that accounted for the comparison of effects across the three different DTI
indices, we adjusted the criterion for significance to a = 0.0167, for tests of effects and
interactions across the three DTI indices for both the initial and the follow-up models.

3.1 LME Analyses for AD, RD, and FA

All three LME analyses summarized in Table 2 revealed significant random effects of ID
and ROI (for all, p < .001). The fixed effects in the LME model for AD showed that AD
declined over time across all examined fiber types, with the steepest change in association
fibers. In addition, older age at baseline was associated with higher AD across ROIs, but
was unrelated to the rate of decline. Participants reporting diagnosed and treated
hypertension at baseline had higher AD across the regions and fiber types (p = .020), but this
difference was rendered non-significant by Bonferroni correction.

The model for RD showed that older age at baseline was associated with higher baseline
values and greater longitudinal increases of RD. The RD increases were significant in
association and commissural fibers, whereas projection fibers displayed a small but
significant decrease in RD. The association between hypertension diagnosis and higher
baseline RD (p = .050) was not significant after Bonferroni correction.

The FA model analyses revealed FA decline in all three fiber types, with steeper decline in
association regions relative to the projection and commissural fibers. Older participants
showed greater drop in FA, although higher baseline age was unrelated to FA values.

3.2 Follow-Up LME Analyses

We used the same LME approach to conduct follow-up analyses, aimed at testing two
specific hypotheses. Recent findings from a two-occasion, longitudinal DTI study (Bender
& Raz, 2015) that used a similar DTI pipeline for examined WM changes in an adult
lifespan sample showed linear AD reductions in both ALIC and PLIC, but FA increases in
PLIC over time. Because those findings suggest that WM development may continue in
early maturing motor tracts, we sought to test for such effects in this sample of middle-aged
and older adults. To test this hypothesis, we compared the two projection fiber regions ALIC
and PLIC to assess differential change, association with age, and the interaction thereof.
Post hoc models for AD in projection fibers revealed change over time, and showed that
older age at baseline was associated with higher AD. AD in PLIC declined over time as it
did in the association and commissural fibers, despite a lack of change in ALIC.

3.2.1 Follow-Up LME Analyses - Projection Fibers—The follow-up analysis of RD

in projection fibers showed a positive association with age at baseline. Although there was
no significant mean change in ALIC, older age was associated with stronger increases in RD
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over time. In comparison with ALIC, RD in PLIC also showed linear reductions over time
(p = .046), but this was not significant following Bonferroni correction. In addition, post hoc
models of FA for projection fibers revealed a significant time x age interaction suggesting
that older age was associated with greater FA decline in ALIC, and a significant time x
association fiber interaction reflecting steeper linear declines in those fibers, relative to
ALIC.

3.2.2 Follow-Up LME Analyses — Commissural Fibers—Bender and Raz (2015)
reported FA increases and RD decreases in CC body, in contrast to opposite effects in the
remaining commissural regions. To test for such effects in the present sample, we examined
the age differences, change over time and the bivariate interaction between change and
baseline age for CC body, in comparison with the other commissural ROIls. Older age was
associated with higher AD at baseline, and AD in remaining commissural fibers showed
significant declines. A significant negative time x association fiber ROl interactions showed
greater decline of AD in association compared to commissural fibers (splenium and genu
and forceps minor, major). In contrast, nonsignificant positive trends toward both a time x
CC body interaction (p = .036) and time x projection fiber interaction (p = .053) suggested
marginal attenuations in linear decline over time in CC body AD relative to other
commissural fiber ROIs. Furthermore, the post hoc models examined whether hypertension
was associated with differential change. The AD model revealed no significant higher order
interaction of time x CC body x hypertension (p = .628).

The follow-up analysis of RD in commissural fibers showed that at baseline, older age and
diagnosed hypertension were associated with higher RD, although the latter did not survive
Bonferroni correction (p = .047). Older age at baseline was associated with greater
longitudinal increases in commissural RD. Relative to remaining commissural fibers, RD in
projection regions showed marginally attenuated linear increases over time, while time
exacerbated increases RD in association fiber regions, although these effects were no longer
significant following Bonferroni correction (for both, p = .033).

Post hoc models of FA in commissural ROIs showed significant decline in FA over time in
anterior and posterior commissural fibers. There were no differences between CC body and
the other commissural fiber ROIs in values or rate of change in DTI-derived indices. A
significant time x age interaction reflected steeper FA declines in older participants. A
significant negative time x association fiber region interactions showed greater longitudinal
FA decline in association fibers compared to the remaining commissural fibers. In contrast,
a positive time x projection fiber interaction indicated attenuated linear decline over time in
FA for projection compared to remaining commissural fibers.

4. Discussion

The central finding of this study is the differential vulnerability of association pathways to
aging. Diffusion properties in association WM tracts deteriorated more than in the
commissural and projection fibers, and in some of them the pace of decline accelerated with
age. Notably, these results are based on a seven-year follow-up with up to four measurement
occasions.
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Differential AD reduction in association fibers replicates our previous finding (Bender &
Raz, 2015), but contradicts other studies that reported increase in AD between the baseline
and a single follow-up (Barrick et al., 2010; Sexton et al., 2014). The reason for this
discrepancy is unclear and possible sources of disagreement include differences in
populations on which the studies were conducted, or different analytical methods, i.e., the
use of DTI difference maps and voxel-wise t-tests (Barrick et al., 2010; Sexton et al., 2014)
versus latent and mixed effects models of mean values by ROI (Bender & Raz, 2015). In
agreement with the abovementioned studies, we observed no age-related acceleration of AD
change.

Significant increases in RD reported here are in accord with some of the previous reports
(Barrick et al., 2010; Sexton et al., 2014; but see Bender & Raz, 2015). Furthermore, older
age was linked to steeper increase in RD over time. Whereas the greatest linear increases in
RD were noted in the association fiber regions, the smallest change was observed in
projection fibers. Thus, the present findings demonstrate heightened vulnerability of
association regions to aging.

In line with the previous reports FA showed decline in all three fiber groups (Barrick et al.,
2010; Teipel et al., 2010; Sexton et al., 2014; Bender & Raz, 2015), but decline in
association regions was steeper in comparison to the projection and commissural fibers.
Age-related acceleration of change was observed in FA and RD (contrary to Barrick et al,
2010; Sexton et al., 2014; Bender & Raz, 2015) but not AD (in accord with Barrick et al.,
2010; Sexton et al., 2014 but in contradiction to Bender & Raz, 2015). It is worth noting,
however, that with two exceptions (Pfefferbaum et al., 2014; Vik et al., 2015) all previous
longitudinal studies have been conducted over only two occasions and thus, unlike the
current study, were not suited for examination of the trajectory of change. Pfefferbaum and
colleagues (2014) used TBSS to compare aging trajectories in healthy adults and persons
with history of alcohol dependence and showed widespread age-related declines in both
groups. The other prior longitudinal study that evaluated change over two to three
measurement occasions (Vik et al., 2015), restricted WM evaluation to FA in subcortical-
cortical fiber tracts, and only used paired-sample t-tests to evaluate change over time.
Furthermore, if WM declines with age, then inclusion of samples with greater age ranges
may also bias the findings against showing mean declines.

Understanding DTI findings and interpreting DTI indices as proxies for WM microstructural
characteristics is a challenging task. The three DTI indices reported here are believed to
reflect multiple tissue properties (Beaulieu, 2002, 2012; Jones et al., 2013). For example,
reduced RD has been linked to myelin breakdown and altered membrane permeability,
whereas AD reduction is taken to reflect damage to many aspects of axonal structure (Song
etal., 2002, 2003, 2005; Sun et al., 2006, 2008). A combination of increased RD and
reduced AD, as observed here, may be indicative of Wallerian degeneration (Ford &
Hackney, 1997; Ford et al., 1998; Pierpaoli et al., 2001; Sun et al., 2008), a slow-paced
process whose molecular underpinnings remain unclear (Vargas & Barres, 2007). The most
global index of white matter organization, FA, combines information from all components
of the diffusion tensor, and is largely dependent on fiber packing density and tortuosity,
axonal membrane thickness and permeability, intercellular space size as well as myelin
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content and integrity (Beaulieu, 2002). In light of these possibilities, the findings reported
here may be taken to reflect as deterioration of axonal architecture, including damage to the
neurofilaments and microtubular transport system, loss of myelin membrane integrity,
reduction in fiber density, increase in extracellular space and loss of organization in white
matter tracts (Coleman, 2005; Vargas & Barres, 2007; Paus et al., 2014). All these
phenomena are likely to lead to age-related decline in the quality of information
transmission between cortical regions that the WM fibers connect. It is plausible that the
long association tracts that connect cortical region known for their vulnerability to aging
(e.g., prefrontal and inferior parietal, e.g., Raz et al., 2005) are in a particularly high risk for
age-related decline because of their targets and their developmental history.

Differential vulnerability of the association fibers conforms to the hypothesized first-in-last-
out order of regional brain aging (Raz, 2000; 2001). The least affected regions (e.g., PLIC)
are early-to-mature tracts that myelinate at term (Dubois et al., 2014) and in premature
infants are the first to catch up with those of their counter parts who were delivered at term
(Kersbergen et al., 2014). In contrast to PLIC, fibers in ALIC develop considerably later, are
marked by greater organizational heterogeneity, and appear more vulnerable to the effects of
age (Axer & Keyserlingk, 2000; Makris et al., 2007; Sullivan et al., 2010a). Commissural
fibers, that showed moderate change over time in this sample, mature later than the
projection tracts but catch up with at the early stages of postnatal development (Sadeghi et
al, 2013). In contrast, association fibers whose myelination starts after birth and continues
into adulthood (Dubois et al., 2014) showed the most pronounced decline over the seven-
year period.

A life-long process of myelin synthesis and maintenance is balanced by continuous loss (see
Bartzokis, 2004 for review). As older individuals experience difficulties in myelin
maintenance and repair (Ibanez et al., 2003) this equilibrium gradually shifts, myelin sheath
deteriorates and myelinated fibers are disproportionally lost at least in some key regions of
the central nervous system (Peters, 2002; Sandell & Peters, 2003). Thus, loss of myelin may
account for some of the observed changes, particularly, increase in RD. Moreover, the
temporal pattern of myelination (Flechsig, 1901) appears to correspond, in reverse, to the
observed pattern of age-related declines.

Myelin, however, cannot be the whole story of WM aging as reflected in DTI indices,
because its diffusion properties are determined by multiple components in addition to
myelin, including axonal membranes, axonal cytoskeleton and the system of microtubules
that runs along the axon, as well as the density and diameter of the axons (Coleman, 2005;
Paus et al., 2014). Whereas myelin sheath is affected by aging (Peters, 2002; Bartzokis,
2004), neuropathology studies point to reduction in axonal density and increase in axon
caliber as important contributors to age-related WM degeneration (Hou & Pakkenberg,
2012). Changes in FA observed in this and other studies may result from alterations in any
or all of these factors. Thus, different DTI-derived indices exhibit differential sensitivity to
detecting change over time and follow different trajectories. There appears to be a good
agreement across studies with regards to the downward trend in FA, but lesser consistency
in age trajectories of the other diffusivity measures.
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As noted in the studies of other brain properties, such as regional volume (Raz et al., 2005;
2010; Pfefferbaum & Sullivan, 2015) or iron content (Daugherty et al., 2015), changes
inferred from cross-sectional age differences in DTI indices do not correspond well to the
observed longitudinal patterns of change (Bender & Raz, 2015). At baseline, age was
associated with higher AD, suggesting the direction of change that was the opposite of the
one observed in longitudinal follow-ups. Unlike FA and RD, older age was not associated
with increased AD change. Longitudinal AD reductions in middle-aged and older adults
may reflect alterations in axonal diameter, density, or in the prevalence of crossing fibers
(Beaulieu, 2012; Jones et al., 2013; Jones & Cercignani, 2010) and it is unclear which of
these processes flag neurodegenrative processes and which are signs of ongoing normal re-
organization. With respect to RD, cross-sectional and longitudinal findings agreed as higher
RD at baseline was associated with older age and showed increase over time. Finally,
baseline age was unrelated to FA values, yet older participants showed steeper decline in
FA. It is possible that middle-aged and older adults selected for optimal health evidenced
attenuated age differences at baseline, yet still exhibited age-related decline.

In contrast to recently published findings in a sample of healthy persons covering the adult
lifespan (Bender & Raz, 2015), we did not observe significant individual differences in
change. The lack of significant individual variability in trajectories of change may reflect a
relative homogeneity of this sample composed of middle-aged and older adults who were
optimally healthy at baseline. The lack of individual differences in DTI indices is in line
with the lack of individual variability in WMH trajectories observed in the first three waves
of this sample (Raz et al., 2012).

4.1 Vascular Risk and Aging of Cerebral White Matter

In the previous study on an independent sample drawn from the same population (Bender &
Raz, 2015), we noted a modulating role of composite metabolic risk factor (of which
hypertension is a part) on WM changes. However, that study revealed a selection bias: in
younger adults but not in older participants who were screened for optimal health, greater
WM decline was associated with elevated risk for metabolic syndrome. Here, a single
available vascular risk indicator (hypertension diagnosis) showed only weak associations
with WM variability and the results did not survive the correction for multiple comparisons.
Bonferroni correction may be overly conservative and in deciding whether to apply it, one
needs to balance the risk of spurious findings versus the focus on selected hypotheses based
on prior findings (Bender & Raz, 2015; Lovdén et al., 2014). Thus, the impact of vascular
risk on age-related decline in WM microstructure of persons who are free of age-related
diseases remains unclear.

4.2 Limitations and Future Directions

Although the present study represents an important initial step in characterizing longitudinal
WM changes in healthy aging, its small sample size places limits on a meaningful
investigation of potential additional influences, such as genetic risk for dementia, and
vascular disease. In the present study, we sampled mean values from skeletonized WM
regions defined according to probabilistic atlases. Although comparison of correlations
between age and change in each the three DTI indices may provide some insight into
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differential patterns of age-associated change across studied brain regions, such analyses are
hampered by the study’s relatively modest sample size and limited statistical power that
preclude including all indices and regions in a single model. Thus, future longitudinal
studies with larger samples should be encouraged to compare age-related changes across
DTI parameters. Tractography may provide a more precise anatomical demarcation and
yield more precise assessment of the WM in these tracts. Furthermore, tractography methods
designed to evaluate specific areas affected within a given WM tract may help better
understand whether age and VR yield more localized effects on age-related WM decline
(Colby et al., 2012; Davis et al., 2009).

The present findings showed differences in rates of decline between mean values sampled
from regions reflecting different WM fiber types. Limiting the DTI data to six gradient
directions with 10 averages may have improved the limited signal-to-noise on 1.5T field
strength, but precluded performing fiber tracking. Thus, we were unable to test more
specific hypotheses related to retrogenesis, or testing for graded posterior to anterior
reductions FA (Davis et al., 2009) or superior-inferior gradients in projection fibers
(Sullivan et al., 2010b; Zahr, Rohlfing, Pfefferbaum, & Sullivan, 2009). Nonetheless, as
prior evidence for greater vulnerability of later-developing WM regions has been limited to
cross-sectional data, the present longitudinal findings provide an important basis in
establishing the last-in-first-out hypothesis.

In addition, our method for excluding CSF and WMH was based solely on segmentation of
the b0 image. The traditional reference for both qualitative and volumetric WMH evaluation
has been FLAIR images that are frequently of higher spatial resolution and attenuate the
signal of CSF to assist the division of periventricular WMH. Although we used this in
combination with WM skelektonization, it is possible that some limited voxels contained
signal from lesioned WM. However, the sampled DTI values represent mean signal from all
voxels in the ROI, which may mitigate such concerns.

The image processing approach employed in the present study combined elements of prior,
two-occasion DTI studies (Bender & Raz, 2015; Engvig et al., 2011) for intra-subject
registration, prior to estimation of the WM skeleton using TBSS. This processing approach
sampled from skeletonized atlas-based ROIs, deprojected to native space, but has not been
empirically compared against other, recent developments for longitudinal WM registration
and sampling (Keihaninejad et al., 2013). Although visual inspection showed it to be
effective, our method for excluding WMH and CSF is less sophisticated in comparison to
methods leveraging data from multiple image types in classifying and segmenting WMH.
The combination of sampling from skeletonized WM data, masked to exclude CSF, WMH,
and noisy voxels may minimize any undue influence of those sources of signal variability on
mean DTI parameters.

Reliance on a popular but coarse single-tensor approach implemented in DTI is another
methodological limitation. As recently argued in a cogent review of its limitations, DTI
yields only very crude indices of WM microstructural integrity and organization (Jones et
al., 2013; Jones & Cercignani, 2010) and cannot distinguish the effects of myelin, axonal
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diameter, axonal density, fiber orientation and extracellular space configuration on water
diffusion in WM.

Although axons occupy about 87% of the space taken by the WM, the vast majority of axons
are located within intracortical and superficial compartments and only 4% of them belong to
the long-range fiber tracts (Wang et al., 2008, see Paus et al, 2014 for review). Thus,
methods employed in this study could examine only a small proportion of the WM
constitutents. Although all participants were scanned on the same MRI scanner on all
occasions of measurement, there is some possibility that routine software upgrades could
modify change trajectories (Takao et al., 2012). However, data collection in this study began
before the use of MR phantoms to control for effects of scanner drift and software upgrades.
Thus, the use of phantoms as a control against such potential confounds should be strongly
encouraged in future longitudinal diffusion imaging studies of aging and adult development.

4.3 Conclusions

From middle age onward aging is associated with steeper RD and FA change in association
fibers than in commissural or projection regions. Within the latter, diffusion characteristics
of the earlier-developing posterior limb were better maintained across the examined period
than those of the later-developing anterior limb of the internal capsule. These findings yield
support to the last-in-first-out hypothesis of brain aging.
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e White matter in healthy adults studied with DTI over 7 years, up to four

» Late developing white matter regions declined more than earlier developing

» Association fibers showed the greatest decline with advanced age.
»  Posterior limb of internal capsule appears less vulnerable to age-related decline.

e This findings support the last-in first-out hypothesis of brain aging.
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regions.
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Distribution of ages-at-measurement and intervals between measurement occasions for the
38 participants. Each row indicates a single participant, with lines denoting time between
measurement occasions, and symbols representing each separate measurement occasion as
follows: triangle = 15t occasion; diamond = 2" occasion; circle = 3™ occasion; square = 41
occasion. See the Method section 2.1 for details on the differences in assessment intervals.
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Figure 2.

DTI processing pipeline. A. Common space determination across all measurement occasions
is performed using the non-diffusion weighted b0 images which are hierarchically registered
using a 6-degree of freedom, rigid registration, first between waves 1-2 and waves 3-4 to
determine halfway, common space between these images; the resulting halfway 1-2 and 3—4
image spaces are subsequently registered and the halfway space from these provides a final,
common space between all images. Native space diffusion tensors are fit to the data using
FSL’s dtifit procedure, with the — save_tensor flag to retain the tensor components. Next,
using the vecreg command in FSL, the saved tensor components are subsequently rotated
and refit to the common space. B. Masking of white matter hyperintensities (WMH) and
cerebrospinal fluid (CSF) is performed using FAST segmentation of the native b0 image
into 6 classes based on voxel intensity. The two segmented masks that correspond primarily
to WM are summed and binarized into a WM mask that omits areas of apparent WMH,
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CSF, and image noise. C. The FA images that were refit into common space in A., above are
used as the basis for TBSS processing which nonlinearly transforms the data into standard
space, and registers them to the Imm?3 FMRIB58 FA image before calculating mean FA
across the sample and determining a mean WM skeleton. Using the thss_deproject routine
and inverse transformation matrices from the initial registration steps the JHU WM labels
and tractography atlases (Mori et al., 2005; Wakana et al., 2007) are subsequently
transformed back to individual native space, but are confined to the mean WM skeleton.
Individual ROIls from the atlas are segmented and the DTI maps (FA, AD, RD), masked for
WMH/CSF are sampled from those regions across participants.
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Figure 3.

Longitudinal changes over 1 to 4 occasions of measurement. The plots are organized by
three fiber types (columns, left to right): Association, commissural, and projection fiber

regions, and by three indices of WM micro-organization (rows, top to bottom): Axial

diffusivity, radial diffusivity, and fractional anisotropy.
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Table 1
Participant characteristics
Women Men

Baseline Variables Mean (SD) Mean (SD) tor 32 p
Age (years) 63.85 (8.91) 67.31 (8.98) 119 244
MMSE 2843 (1.08)  28.71(1.36) 0.70 487
Education (years) 16.14 (2.67) 17.71 (2.20) 1.99 .054
Systolic BP (mmHg)  128.00 (10.82) 131.52(12.29) 094  .355
Diastolic BP (mmHg) ~ 78.71(7.45)  75.97 (7.67) 111 272
% Smokers 0.0% 11.77% 2611 106
% Exercise 80.95% 64.71% 1.28 .258
Days Exercise /Week  3.41 (2.46) 2.79 (2.42) 077 449
% Hypertension Dx 28.57% 35.29% 0.20 .658

Notes: SD=standard deviation;

la= single degree of freedom chi-square test; BP=blood pressure; Dx=diagnosis
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