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Background: Accumulating evidence suggests that posttraumatic stress disorder (PTSD) may accelerate
cellular aging and lead to premature morbidity and neurocognitive decline.

Methods: This study evaluated associations between PTSD and DNA methylation (DNAm) age using
recently developed algorithms of cellular age by Horvath (2013) and Hannum et al. (2013). These esti-
mates reflect accelerated aging when they exceed chronological age. We also examined if accelerated
cellular age manifested in degraded neural integrity, indexed via diffusion tensor imaging.

Results: Among 281 male and female veterans of the conflicts in Iraq and Afghanistan, DNAm age was
strongly related to chronological age (rs ~.88). Lifetime PTSD severity was associated with Hannum DNAm
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PTSD age estimates residualized for chronological age (8=.13, p=.032). Advanced DNAm age was associated
Diffusion tensor imaging with reduced integrity in the genu of the corpus callosum (8=-.17, p=.009) and indirectly linked to
Genu poorer working memory performance via this region (indirect 8=-.05, p=.029). Horvath DNAm age

Working memory estimates were not associated with PTSD or neural integrity.
Conclusions: Results provide novel support for PTSD-related accelerated aging in DNAm and extend the
evidence base of known DNAm age correlates to the domains of neural integrity and cognition.

Published by Elsevier Ltd.

1. Introduction tive stress, inflammatory, and other pathophysiological pathways

(Lohr et al., 2015; Miller and Sadeh, 2014; Moreno-Villanueva

Chronic psychological stress may accelerate cellular aging and
lead to early onset of age-related disease, neurodegeneration, and
pre-mature mortality (Epel, 2009; Epel et al., 2004; Lindqvist
et al., 2015). Posttraumatic stress disorder (PTSD) has been iden-
tified as a chronic stress-related condition that may accelerate
cellular aging, increasing risk for neuronal cell death via oxida-
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et al., 2013; Williamson et al., 2015). Repeated activation of the
hypothalamic-pituitary-adrenal (HPA) axis system, chronic sleep
deprivation, and other PTSD-related disturbances are hypothesized
to increase reactive oxygen species and decrease the capacity of
antioxidants to protect neurons from the toxic effects of oxida-
tive stress (Miller and Sadeh, 2014). Chronic PTSD may also lead
to glucocorticoid-mediated increases in peripheral and central
nervous system inflammation, and dysregulated autonomic and
metabolic processes (Epel, 2009; Lohretal.,2015; Williamson et al.,
2015) thereby degrading cellular integrity and ultimately leading
to cell death.
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Within the past two years, important advances have been made
in the use of DNA methylation (DNAm) data to index chronolog-
ical age. Hannum et al. (2013) developed a model of cellular age
(DNAm age) based on methylation levels measured in whole blood
at 71 DNA loci and found this metric of DNAm age to be highly corre-
lated with chronological age (r=.96). The majority of the loci in this
algorithm were located in or near genes important for the devel-
opment of age-related disease, DNA damage and repair, and/or
oxidative stress (Hannum et al., 2013). In the same year, Horvath
(2013) independently developed a multi-tissue DNAm age algo-
rithm using 353 loci and found this metric to also correlate highly
with chronological age at r=.96. Despite these impressive associ-
ations, the biological mechanism(s) linking epigenetic variation to
chronological age remain unclear.

Preliminary cross-sectional evidence suggests that exposure
to pathogenic environmental factors may influence DNAm age,
yielding higher estimates than would be expected based on chrono-
logical age. For example, Horvath et al. (2014) showed that obesity
was associated with accelerated DNAm age in human liver tis-
sue. Accelerated DNAm age relative to chronological age has also
been linked to indices of disease, including cross-sectional associ-
ations with worse performance on measures of fluid intelligence,
grip strength, and lung function (Marioni et al., 2015b). Likewise, a
meta-analysis of over 4600 older-aged adults found that for every
five year-increase in DNAm age relative to chronological age using
the Hannum et al. (2013) and Horvath (2013) algorithms, there
were 21% and 11% increases, respectively, in all-cause mortality
(Marioni et al., 2015a).

To our knowledge, only one published study (Boks et al.,
2015) has examined associations between trauma and/or PTSD and
DNAm age. In that study of 96 male soldiers, trauma exposure
was positively related to DNAm age per the Horvath (2013) algo-
rithm, while self-reported PTSD symptoms unexpectedly predicted
decreased DNAm age estimates over the course of approximately
one year (Boks et al., 2015). However, chronological age was not
included in this analysis so it remains unclear how these findings
relate to discrepancies between DNAm age and chronological age.
In this study, we aimed to address this limitation by examining the
association between the cumulative lifetime burden of PTSD and
DNAm age, controlling for chronological age.

We also tested the hypothesis that accelerated DNAm age is
correlated with indices of neural integrity in regions known to
degrade with normal aging. Gray matter volume and cortical thick-
ness decrease globally with advancing age (Good et al., 2001;
Resnick et al., 2003) with these effects most evident in prefrontal
regions (Resnick et al., 2003; Salat et al., 2004, 2005b). Studies of
white matter microstructural integrity (i.e., diffusion tensor imag-
ing; DTI) have found the most consistent effects using measures of
fractional anisotropy (FA) in the prefrontal cortex (Bennett et al.,
2010; Burgmans et al., 2010; Pfefferbaum et al., 2000; Salat et al.,
2005a) and the genu of the corpus callosum (Bennett et al., 2010;
Burgmans et al., 2010; Kochunov et al., 2012; Pfefferbaum et al.,
2000; Salat et al., 2005a; Voineskos et al., 2012; Zahr et al., 2009),
which connects the right and left prefrontal cortices (Hofer and
Frahm, 2006). These regions are involved in higher-order execu-
tive functions, such as working memory and response inhibition
(Zahretal., 2009), which also show age-related declines (Park et al.,
2002). Based on this, a final aim of this study was to examine pos-
sible links between accelerated DNAm age and performance on
executive function tasks that depend on these regions of interest
(ROIs).

We hypothesized that lifetime PTSD severity (as indexed by a
latent variable capturing PTSD severity across three time intervals),
would be associated with accelerated DNAm age estimates relative
to chronological age. We also expected that advanced DNAm age
would be negatively related to microstructural integrity (FA values)

in areas of the brain previously linked to age-related degenera-
tion (the frontal cortex and genu) and to performance on executive
function tasks mediated by our ROIs.

2. Materials and methods
2.1. Participants

Horvath (2013) and Hannum et al. (2013) DNAm age esti-
mates were available for 289 veterans of the conflicts in Iraq and
Afghanistan assessed at the Translational Research Center for TBI
and Stress Disorders, a VA RR&D Traumatic Brain Injury Center
of Excellence at VA Boston Healthcare System. Exclusion criteria
included history of seizures (unrelated to head injury), neurologi-
cal illness, current bipolar or psychotic disorder, severe depression
or anxiety, active homicidal and/or suicidal ideation with intent,
cognitive disorder due to general medical condition other than
traumatic brain injury (TBI), and unstable psychological diagnosis
that interfered with accurate data collection. For the MRI portion
of the assessment, additional exclusionary criteria included preg-
nancy and having a metal implant, shrapnel, aneurysm clip, or
pacemaker. Eight participants were excluded from these analyses
due to history of moderate or severe traumatic brain injury, yield-
ing a total sample size of 281 for analyses focused on PTSD and
DNAm age. Of these, DTI data were available for 241 participants.

Of the 281 veterans with DNAm age data, the mean age was
31.93 years (SD: 8.40, range: 19-58) and 87.9% were male (n=247).
Self-reported race and ethnicity was as follows: 70.5% white, 15.3%
Hispanic or Latino/a, 8.5% black or African American, 2.1% Asian,
1.1% American Indian (2.5% did not self-report). 55.9% and 74.0%
of the sample met DSM-IV-TR diagnostic criteria for current and
lifetime PTSD, respectively, per the Clinician Administered PTSD
Scale (CAPS; Blake et al., 1995), as defined by the DSM-IV-TR
algorithm with clinician frequency ratings >1 and severity rat-
ings >2 required for endorsement of the criterion (along with
the distress/impairment criteria; Weathers et al., 1999). The mean
post-deployment CAPS score was 63.08 (SD=34.63).

2.2. Procedures

Veterans gave informed consent and then provided fasting
blood samples, underwent diagnostic interviewing by a PhD-level
clinician, completed a neuropsychological battery, and underwent
MRI acquisition. Psychiatric diagnoses were confirmed by an expert
consensus team. The protocol was reviewed by the appropriate
institutional review boards.

2.2.1. DNA genotyping and methylation

Peripheral whole blood samples were obtained and DNA
extracted from buffy coat. Genotyping, relevant here for cap-
turing DNA ancestral variation via principal components (PC)
analysis (see Supplementary Methods), was conducted on the
hybridized DNA samples using the Illumina Human Omni 2.5-8
microarray and scanned with an Illumina iScan System (Illumina,
San Diego, CA). For DNAm quantification, hybridized bisulfite-
modified DNA (achieved via Zymo EZ-96 DNA Methylation Kits
D5004) were whole-genome amplified, fragmented, precipitated,
resuspended, and hybridized to Illumina HumanMethylation 450k
beadchips and then scanned with an Illumina iScan System (Illu-
mina, San Diego, CA). The Horvath age estimate was computed
using an R script supplied by Dr. Horvath (http://labs.genetics.
ucla.edu/horvath/dnamage/). As this script includes a normaliza-
tion step, non-normalized average beta values as exported from
Genomestudio were used as input after removing two subjects
with low intensity scores. The Hannum et al. DNAm age estimates
were computed in R directly using a linear function of the 89
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covariates of the “all data” model as reported by Hannum et al.
(2013). This method was run on data post-normalization (normal-
ized via the beta mixture quantile dilation method; Teschendorff
et al,, 2013) and imputation of sporadic missing values using
a K nearest-neighbor method as implemented in the Biocon-
ductor impute package (http://www.bioconductor.org/packages/
release/bioc/html/impute.html; see Supplementary Materials for
additional details). Of the 89 probes in the model, two were
dropped during the quality control process (cg25428494 and
ch.13.39564907R) and therefore the Hannum DNAm age estimates
are based on observed methylation at 87 probes. As differential
white blood cell (WBC) count estimates were not available for the
data, the proportion of WBCs (CD8 cells, CD4 cells, NK cells, B cells,
monocytes, granulocytes, and lymphocytes) were estimated from
the methylation directly using the Houseman method (Houseman
et al., 2012; Jaffe and Irizarry, 2014) as implemented in the Bio-
conductor minfi package (Aryee et al., 2014). Additional details are
provided in the Supplementary Materials.

2.2.2. MRI/DTI acquisition and processing

Structural imaging data were acquired on a 3-Tesla Siemens TIM
TRIO whole-body MRI scanner. Two T1-weighted anatomical scans
(voxel size=1mm?3, TR=2530ms, TE=3.32ms, FOV =256 x 256, #
of slices=176) were acquired and averaged to create a single
high contrast-to-noise image. DTl acquisition involved one acquisi-
tion of 60 directions, FOV =256, Matrix = 128 x 128, TR=10,000 ms,
TE=103ms, 2 x 2 x 2mm voxels, b value=700s/mm2. We used
FreeSurfer image analysis suite (http://surfer.nmr.mgh.harvard.
edu/) and The Oxford Center for Functional Magnetic Resonance
Imaging of the Brain (FMRIB) FSL software package (http://www.
fmrib.ox.ac.uk/fsl/) for data analysis. Images were corrected for
motion and eddy currents using FreeSurfer. Additional DTI process-
ing details, including a list of the frontal parcellations evaluated, are
provided in the Supplementary Materials.

2.3. Measures

PTSD diagnosis and symptom severity was assessed with the
Clinician Administered PTSD Scale for DSM-IV (Blake et al., 1995),
the gold-standard structured diagnostic interview for PTSD assess-
ment. PTSD symptom severity was assessed for three periods of
time: past-month (i.e., current PTSD), pre-deployment (if relevant
pre-military trauma), and post-deployment (worst 30-day period
of symptoms following deployment). We used factor analyses to
combine these three severity measurements and develop a met-
ric of PTSD severity across the lifetime (see below). Participants
were also administered a comprehensive neuropsychological bat-
tery by a psychologist. From this, we selected seven subtests from
three tests (see Supplementary Methods) for use as an index of
working memory. The measures included were: Digit Span Forward
and Backward (Wechsler, 1997); Color-Word Interference Test (a
Stroop-type task; Delisetal.,2001); and Letter/Number Sequencing
from the Trail Making Test (Delis et al., 2001).

2.4. Data analyses

Following Marioni et al. (2015b) and Horvath et al. (2014), we
first conducted regressions in which the Hannum or Horvath DNAm
age estimates were regressed on self-reported chronological age
in separate analyses and we saved the unstandardized residuals
(hereafter “DNAm age residuals”) from these equations as a new
variable for use in our main analyses. Positive residuals indicate
accelerated aging (i.e., estimated age was over-predicted relative
to chronological age). We next used confirmatory factor analysis
(CFA) to develop a metric of the lifetime severity of PTSD symp-
toms by specifying pre-military, post-military, and current PTSD

symptom severity scores as indicators of latent lifetime PTSD sever-
ity and saved factor scores (reflecting each individual’s level of
PTSD symptoms across the lifespan) for use in subsequent analy-
ses. Study hypotheses were then tested using a series of regression
models. The first evaluated lifetime PTSD severity as a predictor of
the Hannum DNAm age residuals, controlling for sex, the top two
genetic PCs (reflecting ancestry), and WBCs; the Horvath DNAm
age residuals were examined in a second identical model. We then
evaluated the association between DNAm age residuals and FA val-
ues in our ROIs, with separate models for each class of related ROIs
(i.e., one model for right frontal cortex, one for left frontal cortex,
and a model for the genu of the corpus callosum). Age and sex were
included as covariates of the DTI parameters, and seX, the two PCs,
and WBCs were included as covariates of the DNAm age residu-
als. We also tested if DNAm age residuals were associated with
working memory performance via our ROIs in a subsequent path
model (using confirmatory factor analysis to form a latent working
memory variable). All models were computed using a robust max-
imum likelihood estimator (a “sandwich” estimator which adjusts
the standard errors to protect against Type I error) in Mplus 7.11
(Muthén and Muthén, 2012) and all paths in the model were esti-
mated simultaneously. For models with more than one dependent
variable (i.e., the frontal cortex parcellations), the residual corre-
lations among the dependent variables were estimated. The fit of
the models was evaluated using standard fit indices and guidelines
(Huand Bentler, 1999; see Supplementary Materials). Standardized
regression coefficients are reported throughout the manuscript
text.

3. Results
3.1. DNAm age associations with chronological age

The Hannum DNAm age estimates were highly correlated with
self-reported chronological age (r=.88, p<.001) and the Horvath
DNAm age algorithm yielded a virtually identical estimate (r=.87,
p<.001). The two DNAm age estimates correlated with each other
atr=.88, p<.001, but the residual variables (with chronological age
regressed out) were only moderately associated with each other
(r=.49,p<.001). Neither the Hannum nor Horvath DNAm age resid-
uals were associated with chronological age (rs=.002 and .001,
respectively, both ps>.97). Hannum DNAm age unstandardized
residuals ranged from —11.82 to 19.24 years (M=.05, SD=4.25)
while Horvath DNAm age unstandardized residuals ranged from
—13.04 to 16.90 years (M =.03, SD=3.81).

3.2. Latent lifetime PTSD severity and accelerated aging

The CFA of latent lifetime PTSD severity revealed that post-
military symptoms loaded most strongly on the lifetime factor
(B=.90, p<.001), followed by current symptoms (8=.85, p<.001),
and pre-military symptoms (8=.22, p=.004). Lifetime PTSD sever-
ity factor scores were positively associated with the Hannum
DNAm age residuals (8=.13, p=.032), controlling for covariates.!+?

1 We also evaluated if PTSD symptom burden might be associated with Hannum
DNAm age residuals by creating a variable that reflected PTSD symptom severity
multiplied by the duration of those symptoms (in months). We did this only for
the post-military time period because of concerns related to outliers in the pre-
military duration variable and because we did not expect current symptom duration
to have sufficient chronicity to accelerate aging. Data on post-military PTSD burden
were available for 166 participants. Post-military PTSD burden was positively asso-
ciated with Hannum DNAm age residuals (8=.12, p=.026), controlling for the same
covariates as in our main analysis.

2 We also evaluated if the effects of PTSD on DNAm age residuals were moderated
by sex and found no significant interaction effect.
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Table 1
Fit of primary regression/structural models.
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Model X2 (df) RMSEA SRMR CFI TLI
Lifetime PTSD factor (measurement model)? 0 (0) 0 0 1.0 1.0
PTSD — DNAm Res (Hannum & Horvath)? 0 (0) 0 0 1.0 1.0
DNAm Res — right frontal (FA) 97.54 (71) .039 .044 .980 957
DNAm Res — left frontal (FA) 87.24(71) 031 038 986 .969
DNAm Res — genu (FA) 8.97(8) .022 .021 976 943
DNAm Res — genu (RD) 9.52(8) .028 022 957 90
DNAm Res — genu (ADC) 10.75 (8) .038 023 888 733
DNAm Res — genu (AxD) 6.32(8) <.001 .017 1.00 1.25
Working memory factor (measurement model) 7.63(7) .020 .023 .998 993
DNAm Res — genu (FA) — working memory 121.60 (89) .041 .053 928 .905

Note: All models involving brain regions included the Hannum et al. DNAm age residuals as the primary predictor (results for the Horvath model are listed in the Supplementary
Materials). DNAm Res = DNA methylation residuals; RMSEA =root mean square error of approximation; SRMR = standardized root mean square residual; CFI = confirmatory
fit index; TLI =Tucker-Lewis index; FA =fractional anisotropy; RD =radial diffusivity; ADC = apparent diffusion coefficient; AxD = axial diffusivity.

2 These models are just identified (i.e., df = 0), thus they will always achieve perfect fit.
" p<.05.
" p<.001.

CD4 t-cell counts were also significantly associated with DNAm age
residuals and in total, this model, with PTSD, sex, and cell counts
included, explained 9% of the variance in Hannum DNAm age resid-
uals (see Table 1 for the fit of all models, which was consistent
with good fit for all analyses, Table 2 for coefficients, and Sup-
plementary Fig. 1). Analyses examining the influence of potential
confounders, including substance use, other mental health diag-
noses, trauma exposure and traumatic brain injury, are reported in
the Supplementary Materials. A parallel analysis revealed no signif-
icant association between lifetime PTSD severity factor scores and
DNAm age residuals computed using the Horvath method (8=.02,
p=.819; see Table 2). Based on this, we omitted Horvath DNAm age
from subsequent consideration, though results pertaining to Hor-
vath DNAm age and neural integrity are listed in Supplementary
Tables 1 and 2 for the sake of completeness.

3.3. Accelerated aging and neural integrity

The analysis evaluating the association between the Hannum
DNAm age residuals and FA in the right frontal cortex yielded no
significant effects for DNAm age residuals (see Table 3). The model
predicting FA in the left frontal cortex revealed two nominally
significant DNAm age residual effects: DNAm age residuals were
negatively associated with FA in the left rostral anterior cingulate
cortex (8=-.13,p=.016) and with FA values in the left rostral mid-
dle frontal gyrus (8=—.13, p=.046). Neither of these associations
survived correction for multiple testing within the model using a
Bonferonni approach. Chronological age was associated with most
frontal parcellations (see Table 3). In the third model, DNAm age
residuals were negatively associated with FA in the genu (8=-.17,

Table 2

p=.009; see Table 4) and the model explained 11% of the variance
in this ROI. Based on this, we evaluated other DTI parameters in the
genu in separate, parallel models and found DNAm age residuals to
be positively associated with radial diffusivity (RD; 8=.18, p=.006)
and the apparent diffusion coefficient (ADC; 8=.19, p=.006), but
not with axial diffusivity (AxD; 8=.10, p=.13; see Table 4).

3.4. Accelerated aging and working memory performance via the
genu

Given evidence that accelerated aging may manifest in reduced
microstructural integrity of the genu, we conducted a follow-up
path model to determine if DNAm age residuals were negatively
associated with performance on working memory tasks via FA in
the genu. FA in the genu has previously been associated with work-
ing memory in general (Kennedy and Raz, 2009; Zahr et al., 2009)
and concept shifting and problem solving (Zahr et al., 2009) in par-
ticular. The Working Memory measurement model (i.e., CFA) fit
the data well (Table 1) and all indicators loaded significantly on the
latent variable (see Supplementary Materials and Fig. 1). This latent
variable was then included in a path model with sex, the two PCs,
and WBCs as covariates of DNAm age residuals, and age and sex as
covariates of the genu and latent Working Memory. Results showed
that FA values in the genu were associated with performance on the
Working Memory factor (8=.28,p <.001) and that DNAm age resid-
uals were indirectly and negatively associated with scores on the
Working Memory factor via the genu (indirect S = —.05, p=.029; see

Unstandardized and standardized direct effects from the models predicting DNAm age residuals.

Predictor DNAm age residuals (Hannum) DNAm age residuals (Horvath)

Unst. S (SE) Std. B (SE) Unst. B (SE) Std. B (SE)
Sex —-.01(.01) —.06 (.06) —-.001 (.01) -.01(.06)
PC1 —.04(.04) —.06 (.05) 08" (.04) 127 (.05)
PC2 .004 (.04) 01 (.05) .03 (.04) .04 (.06)
CD8T —-.01(.07) —.01(.06) .05 (.06) .05 (.06)
CDAT —.14" (.05) —.16" (.06) —.07 (.05) —.09 (.06)
NK .09 (.09) 07 (.07) .11 (.09) .10 (.08)
B cells -.12(.10) -.07 (.06) -237(.11) —-.15 (.07)
Mono 20 (.12) 11 (.07) .03 (.10) 02 (.06)
Lifetime PTSD severity 02" (.01) 13" (.06) .002 (.01) 02 (.06)

Note: SE=standard error; PC=principal component (for ancestral variation); CD8T=CD8 t-cells; CD4T=CD4 t-cells, NK=natural

PTSD = posttraumatic stress disorder; Unst. = unstandardized; Std. = standardized, DNAm
" p<.05.
" p<.01.

killer cells, Mono=monocytes;
=DNA methylation.
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Fig. 1. The figure shows the path model in which advanced DNAm age residuals were associated with poorer working memory performance via FA in the genu. All paths
are fully standardized. The factor loadings on the working memory latent variable were significant at the p <.001 level. The working memory variable was keyed such that
higher scores reflected improved working memory. Correlated residuals among subtests from the same neuropsychological measure were specified, as denoted by curved
double headed arrows. DNAm = DNA methylation; PC = principal component; CD8T = CD8 t-cells; CD4T = CD4 t-cells, NK = natural killer cell, Mon = monocytes; FA =fractional
anisotropy; Num = number; CWI= Color-Word Interference Test; Inh = inhibition; Switch = switching. *p <.05. **p <.001.

Fig. 1).2 This model explained 15% of the variance in the Working
Memory latent variable.

4. Discussion

Advancing the understanding of mechanisms linking PTSD to
pre-mature morbidity and mortality is important given the preva-
lence of chronic PTSD and the high individual and societal costs
associated with it (Bruffaerts et al, 2012). Emerging evidence
suggests that PTSD may be associated with accelerated cellu-
lar aging and, at least partially through this, linked to various
adverse health outcomes (Lohr et al.,, 2015; Miller and Sadeh, 2014)
but, until recently, research on accelerated aging has been lim-
ited by the challenges associated with measuring cellular age. The
groundbreaking development of DNAm age algorithms that pro-
vide reliable biomarkers of chronological age (Hannum et al., 2013;
Horvath, 2013) is an opening for achieving new insights into mech-
anisms of cellular aging in the epigenome and the influence of
environmental factors and psychopathology on these processes.
In this study, we found that PTSD severity was positively asso-
ciated with DNAm age residualized for chronological age using
Hannum et al.’s (2013) model of methylation age, and that these
residuals were negatively associated with neural integrity in the
genu of the corpus callosum. DNAm age residuals were also nega-
tively associated with working memory via neural integrity of the
genu. These findings are consistent with the hypothesis that PTSD is
associated with accelerated cellular aging in DNAm and that accel-
erated aging in DNAm is related to neuroanatomical and cognitive
decline. Findings of this study are also broadly consistent with that
of prior studies using telomere length as a metric of aging which
indicate that PTSD is associated with shortened telomere length

3 In a separate model, we also included a direct effect of DNAm age residuals
in association with the working memory factor and found that this path was not
significant (8=.07, p=.43).

(Jergovic et al., 2014; Lohr et al., 2015; Tyrka et al., 2015; Zhang
et al,, 2014) and that shortened telomere length is associated with
decreased brain volume (King et al.,2014). Our results contrast with
those reported by Boks et al. (2015) who found that PTSD predicted
decreased Horvath DNAm age, though the comparison is imper-
fect because Boks et al. did not residualize estimated DNAm age on
chronological age.

Our neuroimaging analyses focused on brain ROIs most affected
by aging—the frontal cortices and the genu of the corpus callo-
sum. Hannum DNAm age residuals were nominally associated with
reduced integrity of the left rostral anterior cingulate cortex and
frontal middle gyrus, though neither of these associations survived
multiple testing correction; additional research in independent
samples is needed to test the replicability of these associations.
Results provided stronger support for a link between DNAm age
and decreased FA and increased RD and ADC in the genu, a pattern
observed previously in association with chronological age (Bennett
etal., 2010). These effects are thought to reflect degradation in both
the axon fibers and the myelin sheaths around them (Bennett et al.,
2010). The genu plays a critical role in communication and coordi-
nation of the dorsolateral prefrontal cortices, and as such, underlies
working memory performance and executive functions (Kennedy
and Raz, 2009; Zahr et al., 2009). Loss of neural integrity in this
region has also been linked to neurocognitive disorders, including
Alzheimer’s disease (Alves et al., 2012; Di Paola et al., 2010). It is
thought to be a late myelinating region of the corpus callosum that
is composed of long, small diameter, thinly myelinated and easily
damaged commissural fibers that transmit information relatively
slowly across the hemispheres (Aboitiz et al., 1992; Kochunov et al.,
2007, 2012; Pfefferbaum et al., 2000; but see: Stricker et al., 2015).

Premature decline in genu integrity is consistent with the “white
matter retrogenesis” model of aging which posits that develop-
mentally late myelinating, typically anterior, fibers are the first
to degrade with age and are more sensitive to illness and injury
relative to early myelinating and more posterior tracts (Brickman
et al,, 2012). It is also consistent with theory suggesting that
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Table 3

Estimates for Hannum models predicting left and right hemisphere frontal cortex parcellations.

Predictor

Dependent variable (L/R)

Sex

Age

DNAm age residuals (Hannum)

Std. B (SE)

Unst. B (SE)

std. B (SE)

Unst. B (SE)

std. B (SE)

Unst. S (SE)

—.04/~.05 (.06/.06)
—12/-.04(.05/.05)

—.07/—121 (.04/.06)

—.07/-.06

—.04/-.01 (.05/.01)

—.01/-.01 (.06/.07)
—16'/-.06 (.07/.08)

-27"-34"

.00/.00 (.002/.001)

—.08/—.04 (.07/.06)
—.07/.03 (.07/.07)

—.50/—.07 (.43/.09)
—.05/.02 (.04/.04)

—.02/—.03 (.04/.03)
—.05/—.04 (.05/.05)
—.06/—.05 (.04/.05)
—.02/-.15(.06/.12)
.01/-.01 (.04/.05)

~.20'/-.09 (.09/.08)
—.08'[-.04 (.04/.04)
—.05/—.05 (.04/.04)

Caudal ACC

—.01'/-.004 (.01/.004)
—.01/—.01" (.003/.01)
~.01/-.01(.01/.01)
—.01/-.003 (.004/.01)
—.01/-.03 (.01/.02)

~.002/.002 (.01/.01)
—01/-.02 (.01/.01)

—.01/—.01" (.01/.01)

—.001°/.00 (.00/.00)

Central middle frontal cortex
Lateral orbital frontal cortex

“/-.001"

.001/.00 (.00/.00)
~.001""/-.001"

(.07/.06)

(.00/.00)

—-.001

—.03/—.05 (.07/.06)
—.07/-.06 (.07/.06)
—.09/—.07 (.07/.07)
—.02/—.08 (.06/.06)
01/-.02 (.06/.07)

.05/.06)

(

~131/-.13(.07/.07)

~317/-30"

Medial orbital frontal cortex

Pars opercularis
Pars orbitalis

(

—.09/—.10 (.07/.06)

~.02/.02 (.05/.06)
—.03/—11" (.06/.06)

~.07/-.10 (.05/.05)
—11/—13" (.06/.06)
—12°/-.09 (.05/.05)

(.07/.07)

(.00/.00)

—.19//-.07 (.06/.06)

_231/-27

—.001¢/—.001 (.00/.001)
—.001%/—.001** (.00/.00)
—.001°/.00 (.00/.00)

—.001"/-.001"

(.07/.06)

Pars triangularis
Rostral ACC

~.12'/-.01 (.06/.07)

_231[-28""

~.13'/-.07 (.06/.07)
—.13'/—.06 (.07/.07)
—.09/—.08 (.07/.07)

(.07/.07)

(.00/.00)

Rostral middle frontal cortex
Superior frontal gyrus

.00'/.00° (.00/.00)

—.01"/—.01 (.004/.004)

_.16'/-.16" (.07/.08)
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DNA methylation; Unst. = unstandardized;

Note: the first value presented in each cell is for the left hemisphere and the second value listed is for the right hemisphere. All parcellations are indexed by fractional anisotropy. DNAm

standard error.

anterior cingulate cortex; SE=

Std. = standardized; ACC

" p<.05.
" p<.01.

p<.001.

myelin sheaths in the genu, and other late myelinating tracts con-
necting association cortices, have high metabolic requirements in
order to preserve and repair myelin sheaths, making these regions
susceptible to insults that adversely affect central metabolic pro-
cesses (Bartzokis, 2004). Epigenetic modifications may contribute
to this, given that DNAm partially regulates the process of differ-
entiation into myelin expressing cells (Liu et al., 2010); additional
research is needed to evaluate if epigenetic mechanisms under-
lie potential changes in central nervous system metabolism and
myelin production and maintenance. Other factors that may affect
central nervous system metabolism include poor cerebral vas-
cular health (Kochunov et al., 2007), glucocorticoids (Bartzokis,
2004), and oxidative stress (Bartzokis, 2004); these systems are
also implicated in both PTSD and accelerated aging (Epel et al.,
2004; Lohr et al., 2015; Logue et al., 2015; Miller and Sadeh, 2014;
Williamson et al., 2015). Metabolic deficiencies put the region at
risk for demyelination and neuronal death, which may be evi-
denced in cognitive decline (Bartzokis, 2004; Lu et al., 2013). The
fact that we found effects in the genu in a relatively young sample
of veterans raises the possibility that these are the early signs of
neurodegeneration. Of course, longitudinal studies are needed
to determine if PTSD-related accelerated aging becomes more
widespread in the brain with advancing age and if the effects
observed here are harbingers for subsequent pathology such as
onset of dementing disorders, which have previously been asso-
ciated with PTSD (Qureshi et al., 2010).

Significant associations with PTSD and neuroimaging param-
eters were found for the Hannum et al. (2013) but not Horvath
(2013) DNAm age algorithm. These models differ in many ways,
despite showing similar bivariate relationships to chronological
age. For example, the Hannum et al. algorithm was developed on
data from whole blood (though validated in other tissues and inde-
pendent samples) whereas the Horvath model was developed using
multiple tissue types. The models have just six overlapping loci
and eleven overlapping genes, suggesting that they are fairly dis-
tinct from one another, and it is conceivable the methylation loci
included in the Hannum model are more sensitive to hematologic
conditions of particular relevance to PTSD (e.g., oxidative stress,
inflammation, glucocorticoid activation). It is likely that neither
model can capture all the pathophysiology that might be impli-
cated in PTSD-related accelerated aging. In the future it may be
possible to further adjust the DNAm age algorithms to index more
disease-specific forms of accelerated cellular aging.

These conclusions should be tempered against the study limita-
tions, the primary of which was that the data were cross-sectional
so causal inferences are limited and longitudinal studies are
needed. Given that chronological age is so highly correlated with
DNAm age, this leaves little remaining variance in DNAm age esti-
mates, and is likely a reason that effect sizes related to DNAm age
residuals were small in magnitude. This is a challenge that all stud-
ies focused on accelerated (or decelerated) aging in DNAm will have
to address and may require new statistical approaches for modeling
epigenetic cellular age as distinct from chronological age. We also
did not measure WBCs directly, thus these were estimated using a
well validated and commonly employed method (Houseman et al.,
2012), though the validity of this method in this specific sample
is unknown. In addition, DNAm age was estimated from whole
blood and concerns have been raised about the extent to which
peripheral DNAm corresponds to DNAm in brain tissue (Tylee et al.,
2013). These concerns are tempered in the context of using periph-
eral DNAm age as a biomarker of accelerated cellular aging, as
opposed to an index of a specific brain mechanism. Moreover,
Horvath (2013) demonstrated that his DNAm age estimates gen-
eralized to brain tissue (though to our knowledge this has not yet
been evaluated for the Hannum model) and our results support the
relevance of this peripheral marker to neural integrity. Together,
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Table 4
Unstandardized and standardized effects from the Hannum models predicting neural integrity of the genu.
Predictor FA RD ADC AxD
Unst. B (SE) Std. B (SE) Unst. 8 (SE) Std. B (SE) Unst. 8 (SE) Std. B (SE) Unst. 8 (SE) Std. B (SE)
Sex .01 (.01) .07 (.05) —.01(.01) —.07 (.06) —.01(.01) —.06 (.06) —.002 (.02) —-.01(.07)
Age —.001"" (.00) —-.28"" (.06) .002™" (.00) 23" (.06) .001 (.00) .10(.07) —.001" (.001) —-.16" (.07)
DNAm age residuals —.16" (.06) —.177 (.07) 247 (.09) 187 (.07) 227 (.08) 197 (.07) 17(.11) .10(.07)

Note: FA=fractional anisotropy; RD=radial diffusivity; ADC=apparent diffusion coefficient; AxD =axial diffusivity; DNAm=DNA methylation; Unst.=unstandardized;

Std. =standardized; SE = standard error.

these findings suggest that peripheral DNAm age estimates could
prove to be as proxy for DNAm age in the brain. Finally, it is unclear
the extent to which results will generalize to non-veterans, exclu-
sively female samples, older cohorts, or other populations, or if
these or other sample characteristics might moderate the observed
associations; additional research is required to address these study
limitations. Strengths of the study include the large sample size
for neuroimaging genetics research, the well-assessed sample with
respect to PTSD, the use of chip-based technologies for capturing
DNAm and of DTI for capturing neural integrity, and our focus on
a promising new index of age in association with both PTSD and
neurodegeneration.

In conclusion, findings suggest that PTSD may levy a heavy toll
on the body reflected, in part, as accelerated cellular aging in the
epigenome. Accelerated aging as evidenced by advanced DNAm age
estimates may be manifested in degradation in the neural integrity
of microstructural cells in the genu and working memory deficits.
This suggests that efforts to prevent PTSD in the acute aftermath of
trauma exposure (i.e., secondary prevention; Maccani et al., 2012)
have the potential to reduce the likelihood of not just PTSD, but of
PTSD-related accelerated aging and adverse health consequences,
such as pre-morbid medical conditions and neural and cognitive
decline. Findings point to the clinical significance of PTSD-related
accelerated aging and to the relevance of peripheral markers of
DNAm to brain structure and neurocognitive performance.
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