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ABSTRACT

Chronic musculoskeletal pain is a health burden that may accelerate the aging process.
Accelerated brain aging and epigenetic aging have separately been observed in those with
chronic pain. However, it is unknown whether these biological markers of aging are associated
with each other in those with chronic pain. We aimed to explore the association of epigenetic
aging and brain aging in middle-to-older age individuals with varying degrees of knee pain.
Participants (57.91 £ 8.04 y) with low impact knee pain (n = 95), high impact knee pain (n = 53),
and pain-free controls (n = 26) completed self-reported pain, a blood draw, and an MRI scan. We
used an epigenetic clock previously associated with knee pain (DNAmMGrimAge), the subsequent
difference of predicted epigenetic and brain age from chronological age (DNAmGrimAge-
Difference and Brain-PAD, respectively). There was a significant main effect for pain impact
group (F (2,167) = 3.847, P = 0.023, ’l; = 0.038, ANCOVA) on Brain-PAD and DNAmGrimAge-
difference (F (2,167) = 6.800, P = 0.001, nf, = 0.075, ANCOVA) after controlling for covariates.
DNAmGrimAge-Difference and Brain-PAD were modestly correlated (r =0.198; P =0.010).
Exploratory analysis revealed that DNAmGrimAge-difference mediated GCPS pain impact, GCPS
pain severity, and pain-related disability scores on Brain-PAD. Based upon the current study
findings, we suggest that pain could be a driver for accelerated brain aging via epigenome
interactions.

ARTICLE HISTORY
Received 24 January 2022
Accepted 5 August 2022

KEYWORDS
Epigenetics; chronic pain;
brain aging; aging;
musculoskeletal pain

Introduction inflammation and decreased blood leukocyte telo-

Chronic pain is commonly reported with aging
and often impacts physical mobility [1,2] and cog-
nitive function [3,4]. The relationship between
chronological age as a risk factor for many chronic
pain states is well documented [5-8]. However,
chronic pain is heterogeneous with advancing
age — welcoming the possibility that other biologi-
cal and environmental ‘aging’ processes may be
playing key roles in influencing this variation.
There is evidence to support that individuals with
chronic pain demonstrate premature aging of
brain structures (grey matter atrophy [9-11]) and
systemic  changes (increased markers of

mere length [12-14]). These central and peripheral
mechanistic changes suggest that multiple physio-
logical systems may contribute to accelerated bio-
logical aging process and increased mortality risk
in those with chronic pain.

We have previously observed that chronic pain
is associated with ‘age-like’ brain atrophy in other-
wise healthy, community-dwelling older indivi-
duals [11]. Brain volume has been shown to
decrease as much as 11% in those who have
chronic pain - equivalent to the amount of grey
matter that is lost in 10-20 y of normal aging [15].
Decreased volume in the prefrontal cortex and the
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thalamus of the brain was related to the duration
of time spent in pain. Additionally, when calculat-
ing volumetric brain measures (brain grey and
white matter, and CSF), a brain-aging biomarker
was identified where an individual’s brain appears
structurally younger or older than the average
structure of those of the same chronological age
by using a machine learning model [16,17].
Impressively, this model can detect deviations
from healthy brain aging and has identified accel-
erated aging in Alzheimer’s disease [18], mild cog-
nitive impairment [19], HIV  [20], and
schizophrenia [21]. Using this process to calculate
brain age, brain-predicted age differences (Brain-
PAD; the difference between chronological age
and brain-predicted age) have been found in
older adults with chronic musculoskeletal pain
whereby the brain appears ‘older’ in those who
have greater pain impact [11,22]. Multiple brain
structures have been recognized as regions asso-
ciated with the perception of pain such as the
primary somatosensory cortex, secondary somato-
sensory cortex, anterior cingulate cortex (ACC),
prefrontal cortex (PFC), insular cortex, amygdala,
thalamus, cerebellum, and periaqueductal grey
(PAG). Volumetric changes in any or all of these
structures could affect the pain experience; how-
ever, chronic pain may play a role in brain
remodelling.

In addition to brain changes, epigenetic modifi-
cations are a hallmark of aging as certain epigenetic
factors mediate, in part, the relationship between
the genome and environment which, over
a lifetime, can lead to biological changes within
the human body. Epigenetic clocks based on DNA
methylation data are among the most promising
biomarkers of aging to date. One epigenetic clock
of interest, DNAmGrimAge, has been used as
a biomarker of mortality [23]. DNAmGrimAge is
a linear combination of chronological age, sex, and
DNAm-based surrogate biomarkers for several
plasma proteins and smoking pack-years, and has
stronger relationships with a variety of health-
related metrics compared to other DNAm-based
biomarkers [23]. Many of these surrogates have
been associated with pain development and main-
tenance [24], and thus, DNAmGrimAge may be the
most useful when establishing relationships
between gene expression and chronic pain.
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Historically, the pain-age relationship has been
presented as unidirectional with increasing age
associated with a higher risk of developing chronic
pain, yet more recent evidence supports bidirec-
tional associations, as chronic pain may also accel-
erate the biological aging process [11,16,23,25,26].
However, the potential underlying neurobiological
mechanisms whereby pain impacts brain aging
processes are not currently known in those who
experience chronic pain. It is plausible that envir-
onmental and lifestyle factors modify the epigen-
ome (i.e., accelerated epigenetic aging), which in
turn leads to accelerated brain aging and cognitive
decline [25]. The present study aimed to explore
the association of epigenetic aging and brain aging
in middle-to-older age individuals with varying
degrees of knee pain, and to examine whether
epigenetic aging mediates the pain-brain aging
association. Based on the existing literature, we
hypothesized that epigenetic aging significantly
mediates the association between pain and brain
aging in persons with knee pain.

Methods
Participants

Participants aged between 45 and 85 y with or
without knee pain were recruited from University
of Florida (UF; Gainesville, Florida, USA) and the
University of Alabama at Birmingham (UAB;
Birmingham, Alabama, USA). These individuals
self-identified as non-Hispanic and ‘African
American/Black’ or ‘White/Caucasian/European’
and were English speaking. If participants reported
any of the following criteria, they were excluded
from the study: (1) significant surgery to the index
(i.e., most painful) knee (e.g., total knee replace-
ment surgery); (2) cardiovascular disease or his-
tory of acute myocardial infarction; (3)
uncontrolled hypertension (blood pressure >150/
95 mmHg); (4) systemic rheumatic diseases (e.g.,
rheumatoid arthritis, systemic lupus erythemato-
sus, and fibromyalgia); (5) neuropathy; (6) chronic
opioid use; (7) serious psychiatric illness; (8) neu-
rological disease (e.g., Parkinson’s, multiple sclero-
sis, stroke with loss of sensory or motor function,
or uncontrolled seizures); (9) pregnant; (10) sig-
nificantly greater pain in a body site other than the
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knee. All participants provided written informed
consent prior to data collection procedures. The
study was IRB approved and was completed in
accordance with the Declaration of Helsinki. Our
participants were recruited as part of a parent
study aimed to examine race group differences in
physical symptoms, psychosocial functioning, and
pain-related central nervous system structure and
functioning in those with or at risk of knee
osteoarthritis (OA).

Procedures

We have previously reported on various aspects
of our study [27-29] where data were collected
at the University of Florida and University of
Alabama at Birmingham. Both study sites’ IRBs
approved the study. Briefly, potential partici-
pants were first screened over the phone to
determine study eligibility for sociodemographic
(e.g., age, sex, race) and health information (e.g.,
knee pain symptoms). Those potentially eligible
were scheduled for a Health Assessment Session
(HAS) to obtain informed consent, a health and
pain history (including smoking history and self-
reported pain), and a physical exam to deter-
mine the most painful (i.e., index) knee. Self-
reported pain measures were reported within
24 h of an unfasted blood draw, which was
scheduled approximately 1 week following the
initial visit (i.e., HAS).

Self-reported pain

The Graded Chronic Pain Scale (GCPS) was used
to determined self-reported pain and provides
characteristic pain intensity (items 1-3), and pain
interference (items 4-6) subscales during the past
6 months [30]. Scores range from 0 to 100 where
higher scores indicate more severe pain intensity
and interference. Using the self-reported GCPS
measure [30] and based on recent work [31,32],
individuals were classified into three groups reflec-
tive of the impact chronic pain had on their life:
high impact pain, low impact pain, and a no pain
control group. This method is consistent with pre-
vious research [32] and uses the recommendations
from the Task Force for the Classification of
Chronic Pain consensus for the 11th version of

the International Classification of Diseases (ICD-
11) of the World Health Organization
(WHO) [33].

Neuroimaging

MRI data were collected using 3-T Phillips scan-
ners at the University of Florida (32-channel
radio-frequency coil) and the University of
Alabama at Birmingham (8-channel head coil)
minimizing head movement via cushions posi-
tioned inside the head coil and instructions to
participants. A high resolution, T1-weighted
turbo field echo anatomical scan was collected
using the following parameters: TR = 7.0 ms,
TE = 3.2 ms, 176 slices acquired in a sagittal
orientation, flip angle = 8  degrees,
resolution = 1 mm”>.

Brain-predicted age biomarker

The brain aging biomarker used here was
derived as previously described [16,34]. This
involved training a machine-learning model
derived from neuroimaging data (training
cohort = 3,377 healthy individuals, mean
age = 40.6 + 21.4 y, age range = 18-92 y). This
used segmented and spatially normalized T1-
weighted MRI scans as the predictor variables
in a Gaussian Processes regression, with chron-
ological age as the outcome variable." Model
accuracy based on the held-out test data (using
random assignment to training and test) was
high, with a mean absolute error of 3.93 y and
a correlation between chronological age and
‘brain-predicted’ age of r = 097, R* = 0.95
Then, using the regression model trained on
the full independent dataset (n = 3,377), brain-
predicted age values were generated for the
202 participants in the current study.
Consistent with our previous work, the indivi-
dual participants’ chronological age was then
subtracted from this brain-predicted age value
to generate a brain-predicted age difference
(Brain-PAD) score, which was used for further
analysis [11]. Neuroimaging data comprising the
training dataset were obtained via publicly avail-
able repositories and were screened according to
local study protocols to ensure that they were

n =



free of neurological and psychiatric disorders,
had no history of head trauma and other major
medical conditions [17]. Ethical approval for
each initial study and subsequent data sharing
was verified for each data repository.

Blood collection and processing

A fasted blood sample was collected from each
participant during the quantitative sensory test-
ing session and included collection of a 10-ml
K2 EDTA tube that was subsequently used for
DNA extraction and methylation analysis. The
EDTA tube was centrifuged at 3000 rpm for
10 min and the buffy coat was carefully
extracted and transferred to a cryovial for —80-
degree storage. To isolate genomic DNA, the
frozen buffy coat samples were thawed at 37°C
to dissolve homogeneously. Approximately 200
ul (or 150-200 pl) of sample was lysed in R.B.C
lysis buffer and centrifuged at 6000 rpm for
5 min at room temperature. The supernatant
was discarded and sodium EDTA solution was
added to the pellet and vortex gently to remove
RBC clumps. Homogenate was incubated at 50-
55°C with Proteinase K and SDS solution.
Following incubation, equal volume of phenol
was added, mixed, and centrifuged at
10,000 rpm for 10 min. Supernatant was trans-
ferred in a fresh tube, and equal volume of
phenol-chloroform-isoamyl alcohol was added,
mixed, and centrifuged at the same rpm. Again,
supernatant was transferred in a fresh tube and
equal volume of chloroform-isoamyl alcohol was
added followed by centrifugation at the
same rpm conditions. Supernatant was trans-
ferred in a fresh tube and 1/10th volume of
3 M sodium acetate along with 2 volumes of
absolute alcohol was added. The precipitated
DNA was washed with 70% ethanol by centrifu-
gation at 10,000 rpm for 5 min. The pellet was
air dried and dissolved in Tris-EDTA buffer.
The dissolved DNA was qubit quantified and
visualized on agarose gel for quality assessment.
Sodium Bisulfite conversion (Zymo EZ DNA
Methylation Kit) and EPIC methylation array
were performed by Moffitt Cancer Center,
Molecular Genomics Core located at 3011
Holly Dr. Tampa, FL 33612.
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DNA methylation age calculation for grimage

The raw data generated by Illumina EPIC array (.
idat files) were processed using R package minfi
[35]. Methylation beta values (percentage of
methylation for each CpG site) were obtained
and uploaded to the DNA Methylation Age online
calculator (https://dnamage.genetics.ucla.edu/
home) [36]. As recommended by the calculator
tutorial, we checked normalize data and the
advanced analysis options to obtain the epigenetic
ages. We used a previously verified method of
using buffy coat methylation profile-type propor-
tions as opposed to blood cell proportions for the
calculations [37,38]. The variable used in the ana-
lyses, DNAmGrimAge-difference, was calculated
by subtracting each individual’s chronological age
from their DNAmGrimAge.

Statistical analysis

All data processing and analyses were conducted
in SPSS v27.0 (Armonk, NY: IBM Corp) and data
were checked for distributional form and outliers.
Characteristics of the sample were collected using
one-way analysis of variance (ANOVA) to com-
pare mean values in continuous/discrete ordinal
variables between pain impact groups, and x> was
used for comparison of nominal variables.
Assumptions underlying each statistical test
were examined. Brain-PAD and DNAmGrimAge-
difference between pain impact groups were
examined using one-way analyses of covariance
(ANCOVAs), using sex, ethnicity/race, chronolo-
gical age, and study site as covariates. Partial
correlations were used to examine associations
between Brain-PAD and DNAmGrimAge-
difference while controlling for blood cell propor-
tions (CD4T, CDS8T, B cells, granulocytes, and
monocytes), sex, ethnicity/race, chronological
age, and study site. Using the Hayes PROCESS
macro (i.e., Model 4), a mediation analyses was
used to assess pain impact and its association
with  Brain-PAD  with  DNAmGrimAge-
difference as the mediator using direct and total
indirect effects. The mediation model controlled
for sex, race, age, study site and blood cell pro-
portions. To overcome potential unmet assump-
tions commonly found in mediation analysis,
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bootstrapping procedures were employed for all
analyses with 5,000 samples and reported as esti-
mates (b) and standard errors (SE) or as 95%
bootstrapped confidence intervals.

Results

Of the 213 participants who took part in the epi-
genetic sub-study that examined pain impact and
epigenetic aging, 174 participants had complete
pain, brain, and covariate data. The analytic sam-
ple age was 57.91 + 8.04 y, with 62.7% female and
55.4% Non-Hispanic white. Self-reported pain and
disability measures differed significantly across
pain impact groups as expected (Ps <0.001). Pain
impact group differences are summarized in
Table 1.

Differences in biological aging between pain
impact groups

Data  demonstrating  Brain-PAD  differences
between pain impact groups while controlling for
sex, race, chronological age, and study site has been
previously reported [39]. In the present study sub-
sample, there was a significant main effect for pain
group (F (2,167) = 3.847, P = 0.023, n; 0.038,
ANCOVA) on Brain-PAD after controlling for
sex, race, chronological age, and study site. Post
hoc tests revealed a significantly older Brain-PAD
in individuals with high impact pain (-0.89 + 6.24)
compared to those with low impact pain (-4.13 +
7.63; P = 0.019). Similar to our previous findings
[40] a significant main effect for pain impact group
was found in  DNAmGrimAge-difference

(F (2167) = 6800, P = 0001, n> = 0075,
ANCOVA) after accounting for the same covari-
ates. Post-hoc tests revealed that those with high
impact pain had a significantly older epigenetic age
(5.14 £ 5.66) than those who had low impact pain
(1.32 + 5.41; P = 0.007) or no pain (0.09 £ 3.31; P =
0.004).

Associations between brain aging and epigenetic
aging

Partial correlations revealed that DNAmGrimAge-
difference was modestly correlated with Brain-
PAD (r =0.198; P =0.010) when blood cell propor-
tions, site, age, sex, and race were controlled for
(Figure 1).

Epigenetic aging as a mediator of pain and brain
aging associations

To test if DNAmGrimAge-difference mediates the
association between pain and Brain-PAD, boot-
strapped mediation analyses (n =5,000) were per-
formed while controlling for blood cell type sex,
age, race, and study site. DNAmGrimAge-
difference mediated the association of pain impact
with Brain-PAD. Results are summarized in
Figure 2. DNAmGrimAge-difference  also
mediated the associations of GCPS pain severity
and pain-related disability and WOMAC pain and
physical function scores with Brain-PAD
(Table 2). Furthermore, when we added smoking
history as a covariate, the mediation pathway
remained significant and did not change our
findings.

Table 1. Participant characteristics with and without knee pain (n = 174).

No pain (n = 26) Low impact pain (n = 95) High impact pain (n = 53) P Direction
Age 59.58 +9.33 58.63 £ 7.96 56.63 + 7.12 0.052
Female 18 (69%) 62 (65%) 30 (56%) 0.650
Study location (UF) 17 (65%) 62 (65%) 30 (56%) 0.752
NHW* 17 (65%) 59 (62%) 21 (39%) 0.026 >NHB in HIP
Height (cm) 166.20 + 7.65 168.04 + 8.89 170.44 + 9.37 0.161
Weight (k?) * 83.68 *+ 16.51 85.16 + 18.41 92.54 + 18.67 0.009 HIP>CON
BMI (kg/m?) 30.30 £ 5.71 30.32 + 6.68 31.87 + 6.04 0.074
Smoking History (Yes) 8 (30%) 35 (37%) 31 (59%) 0.013 HIP>LIP+CON
Pain Severity* 0.00 * 0.00 11.83 + 6.90 20.30 = 5.39 <0.001 HIP>LIP>CON
Disability Score* 9.38 * 1.96 5.95 + 5.88 50.96 * 46.23 <0.001 HIP>LIP+CON
DNAmGrimAge-diff* 0.09 * 3.31 1.32 = 5.41 5.14 £ 5.66 <0.001 HIP>LIP+CON
Brain-PAD* -3.46 = 7.49 -4.13 = 7.63 —-0.89 + 6.24 0.020 HIP>LIP

*Denotes significant difference. NHW, non Hispanic white; NHB, non Hispanic black; BMI, body mass index; HIP, high impact pain; LIP, low impact

pain; CON, control.
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DNAmGrimAge Difference

Figure 1. Relationship between DNAmGrimAge-difference and brain-PAD (green = no pain, yellow = low impact pain, red = high

impact pain).

Note: *P < 0.05. IV, independent variable; DV, dependent variable; GCPS, Graded Chronic Pain Scale.

DNAmMGrimAge-Diff

%= p <0.05

1.858 (0.877; 2.840)*

Mediation = 0.543 (0.083; 1.145)*

0.292 (0.020; 0.564)*

Pain Impact

0.793 (-1.005; 2.591)

> Brain-PAD

Figure 2. Mediation analysis of pain group, DNAmGrimAge-difference and brain-PAD. Bias corrected bootstrapped estimates and

confidence intervals.

Table 2. Bias corrected bootstrapped estimates and confidence
intervals for direct and mediated effects of pain severity and
disability GCPS scores on brain-PAD adjusting for covariates.

Coefficient (Cl)

0.022 (-0.022; 0.066)
0.149 (0.023; 0.070)*
0.297 (0.023; 0.570)*
0.014 (0.002; 0.029)*
0.034 (-0.047; 0.073)
0.040 (0.019; 0.062)*
0.270 (0.001; 0.541)*
0.011 (0.001; 0.023)*

Pathway

Direct effect (c)
IV>Mediator (a)
Mediator>DV (b)
Mediation (a + b)
Direct effect ()
IV>Mediator (a)
Mediator>DV (b)
Mediation (a + b)

GCPS Pain Severity

GCPS Disability

Discussion

Chronic pain has been linked to multiple acceler-
ated biological aging processes and advancements
in aging research have led to the identification of
potential biological age predictors. The present
study demonstrated an association between two
biological aging biomarkers: brain age and epige-
netic age. The associations between aging and pain

have been well-documented in the literature [5-8].
Traditionally, this relationship has been assumed
to be driven by chronological aging: that is, the
longer one has spent causing physical ‘wear and
tear’ on the body or exposure to environmental
factors over time, the greater the degree of severity
of pain [41]. However, this relationship could be
a part of a bidirectional feedback loop, whereby
experiencing pain could drive physiological
changes that contribute to and potentially acceler-
ate the biological aging process, particularly in the
brain. As the brain ages, there are significant
changes in the grey and white matter throughout
[42], including but not limited to dysfunction of
its cellular and molecular constituents [22] (e.g.,
dendritic regression in neurons, synaptic atrophy,
receptor changes, and reactive astrocytes and
microglia). We have previously shown that older
individuals (>65 y) with chronic musculoskeletal
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pain have less geometric complexity in neurite
density and architecture across various white mat-
ter projection (i.e., corticospinal, anterior corona
radiata, posterior thalamic radiation), association
(i.e., uncinate fasciculus) and commissural fibres
(i.e., corpus callosum) as well as fibres in the
cerebellum (i.e., superior cerebellar peduncle) and
the limbic system (i.e., cingulum, hippocampus,
fornix); and that these differences were related to
the pain experience [43]. Pain has also been asso-
ciated with volumetric grey matter changes in
areas such as the prefrontal cortex, primary soma-
tosensory cortex, insula, and inferior temporal
gyrus, all of which are critically involved in the
conception of the pain experience [44]. Structural
and functional changes across the aging brain,
such as these, have been used to develop machine
learning predictions (as used in this study), and
can help us begin to understand how pain itself
could be associated with age-related processes and
accelerate biological age. How chronic pain is
potentially driving these age-like brain changes,
however, remains to be elucidated.

Chronological aging is associated with the
decline of many functional and cognitive pro-
cesses, however, not everyone appears to ‘biologi-
cally’ age at the same rate. Many environmental
and biological factors, such as exposure to toxic
chemicals, psychological stress, and poor diet qual-
ity have all been associated with age-related
changes throughout the body through epigenetic
modifications [45]. Epigenetic research has pro-
vided insight as to how these factors go on to
cause actual physical and functional changes
within the system. During the aging process, epi-
genetic changes result in an altered accessibility to
genetic and subsequent structural materials,
abnormal gene expression, reactivation of transpo-
sable elements, and genomic instability. These epi-
genetic age-related changes in the brain [46] may
ultimately lead to volumetric loss in grey matter
and white matter structures, with the largest
changes seen in the frontal and temporal cortices,
putamen, thalamus, and accumbens [47], andma-
ladaptive metabolic states within the brain (com-
promised bioenergetics, impaired neuroplasticity,
abnormal neuronal network activity and homoeos-
tasis, oxidative stress, and inflammation) [42].
Both of these phenomena can potentially create

negative age-related outcomes such as cognitive
and physical decline, and have been implicated in
neurodegenerative diseases such as Alzheimer’s
and Parkinson’s [46]. In the aging prefrontal cor-
tex, for example, loss of histone acetylation at
proximal promotor regions of genes important
for inhibitory neurotransmission (GABAergic),
serotonergic signalling, and mitochondrial func-
tions leads to abnormal functioning [48]. Thus, it
is plausible that epigenetic modifications that has-
ten cellular aging could also accelerate processes
associated with traditional phenotypic aging.

In the current study, DNAmGrimAge was used
to examine the association between epigenetic
aging, pain, and brain aging. DNAmGrimAge is
composed of DNA surrogates related to smoking-
years, growth factors, and immune system func-
tion, all of which have various associations with
chronological age [23] as well as pain development
and maintenance [24]. The epigenetic modifica-
tions in the surrogates that make up
DNAmGrimAge can lead to accelerated cellular
aging that produces biochemical pathways, cells,
and eventually systems to look and act as if they
were much older than their average chronological
counterparts. These age-related changes found in
the brain in chronologically younger individuals
could potentially lead to cognitive and physical
decline at earlier stages of life.

We propose that pain itself could be a symptom
of an aging body and may also accelerate aging in
the brain via epigenetic modifications. Pain is
a complex phenomenon that involves many phy-
siological systems, including the nervous and
immune systems. Neuronal dysfunction, sensitiza-
tion, and chronic immune system activation
resulting in inflammation are hallmarks of the
pain experience. Immune system function can
impact pain through the release of autoantibodies,
cytokines, chemokines, and other inflammatory
mediators (i.e., substance P, histamine, bradykinin,
tumour necrosis factor, interleukins, and prosta-
glandins) [24]. The human body is highly adapta-
ble, so it is possible that immune-mediated
changes in internal environment led to altered
nociception, abnormal cellular signalling, and
inflammation potentially causing epigenetic altera-
tions in gene expression, since these processes
involve many of the DNA surrogates used to



calculate. DNAmGrimAge (i.e., C-reactive pro-
tein). These changes may cause structural altera-
tions, thereby contributing to an older appearing
brain. Previous research has primarily examined
spinal cord alterations relating to epigenetic
changes in areas associated with pain processing
and brain network changes [49]. To our knowl-
edge, however, this is the first work documenting
high impact pain-associated epigenetic aging,
related to morphological brain abnormalities com-
pared to those with no pain or those with low
impact pain. Therefore, additional experiments
that examine epigenetic aging via epigenetic clocks
at even older ages are needed, especially if the
trajectory of biological age may not be linear in
advanced age. The findings from this study may
expedite the future use and refinement of larger
scale epigenetic and brain imaging approaches for
predicting clinically defined outcomes and subse-
quent individual risk predictions in those with
chronic pain conditions.

Our study has several limitations worth consider-
ing. First, this is a cross-sectional study; thus, causality
nor the temporal order of the associations cannot be
directly established. Second, both the brain aging and
the epigenetic aging biomarkers provide global infor-
mation relative to chronological aging (i.e., older brain
or epigenome compared to chronological age), thus
specific information regarding where each individual
may have an older brain or epigenome is not assessed.
Future larger longitudinal studies can provide addi-
tional insights into these important associations. Our
findings are mostly driven through statistical analysis
rather than a mechanistic study designed to elucidate
such causes, as such; experimental approaches exam-
ining the role of epigenetic aging in chronic pain
conditions using experimental rodent models may be
beneficial to understand the underlying mechanism
driving this association. Our data focused on the
potential role of chronic pain in biological aging in
epigenetics and brain changes in middle-to-older age
individuals and did not examine these changes in
younger adults. Future research across the lifespan is
needed to assess critical time points where accelerated
aging may be most prevalent, and identifying these
critical ages where possible interventions may be ben-
eficial to prevent accelerated biological aging.

Despite these limitations, the current study
findings implicate pain as a driver of accelerated
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brain aging via epigenome interactions. Given the
high prevalence of pain in older adults, it is
imperative that future research continues to inves-
tigate the bidirectional association of pain and
aging. By doing so, we can begin to not only
alleviate the physical and emotional suffering that
many individuals with chronic pain face but also
try to prevent accelerated brain aging that could be
contributing to ailments that may be occurring at
younger chronological ages compared to those that
do not experience chronic pain.

Note

1. https://github.com/james-cole/brainageR
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