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Abstract

Knee pain is a leading cause of disability in the aging population and may indirectly accelerate 

biological aging processes. Chronological aging increases the risk of developing of knee pain 

and knee pain reduces physical function; however, limited data exist on how epigenetic aging, a 

known hallmark of biological aging shown to predict health span and mortality, may influence this 

relationship. The purpose of this study was to examine whether decreased physical performance 

associated with knee pain is mediated by markers of epigenetic aging. Participants (57.91 ± 

8.04 years) 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 a short physical performance 

battery (SPPB) that included balance, walking, and sit to stand tasks. We employed an 

epigenetic clock previously associated with knee pain and shown to predict overall mortality 

risk (DNAmGrimAge). Bootstrapped-mediation analyses were used to determine associations 

of DNAmGrimAge and SPPB between pain groups. Those with high impact and low impact 

pain had a biologically older epigenetic age (5.14y ± 5.66 and 1.32y ± 5.41, respectively). 

However, while there were direct effects of pain on overall physical performance, these were 

not explained by epigenetic aging. Epigenetic aging only mediated the effect of pain on balance 

performance. Future work is needed to examine pain’s impact on biological aging processes 

including epigenetic aging and its ultimate effect on physical function measures known to predict 

health span and mortality.
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Introduction

Knee pain affects up to 70% of adults aged 65 and older (1, 2) and often impacts lower 

extremity physical function (3, 4). Knee pain can impair activities of daily living such 

as standing and walking, thus reducing quality of life (1, 5, 6). Physical function is 

usually characterized by self-reported experiences or observed physical performance (7). 

Performance-based tests of lower extremity function can be used to predict adverse events in 

older persons, such as disability, falls, hospitalization, and death (8–12).

Emerging evidence suggests that knee pain is complex and may be influenced by other 

factors that are not unique to the knee joint, including psychological factors (e.g., 

depression, and anxiety) (13, 14), environmental factors (socio-economic status, exercise 

and nutrition) (15, 16), and genetics (17). These factors may help begin to explain the 

observed discrepancy between symptom severity and level of disability experienced by those 

with knee complaints. Time spent on earth (chronological aging) is a key risk factor for 

knee pain (1, 2) and developing knee pain that severely limits daily activities (18–20), may 

indirectly accelerate biological aging processes, which further impacts physical function 

(21) leading to morbidity and disability. There is evidence that those individuals with 

chronic pain and/or physical function decrements demonstrate premature aging (22–24). 

While both chronic pain and physical function limitations are heterogeneous with advancing 

age, other biological and environmental “aging” processes may influence this variation.

Epigenetic changes are a hallmark of aging as certain epigenetic factors (within the genome 

and the external environment) can lead to biological changes within the human body, which 

may contribute to chronic pain. DNA methylation (DNAm) is an epigenetic mechanism 

that regulates gene expression (25) and changes in DNAm patterns have been linked to 

fundamental aging mechanisms (26). DNA methylation-based age prediction models (i.e., 

epigenetic clocks) are not only accurate in estimating chronological age, but can also 

estimate biological aging rates (27–29) and are among the most promising biomarkers of 

aging to date. Accelerated DNAm patterns using epigenetic clocks have been established 

in those with chronic pain (30) and these same clocks can predict all-cause mortality (31) 

and lifespan (32). One clock of interest; DNAmGrimAge uses 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 epigenetic clocks (32). This epigenetic clock may be most 

associated with pain outcomes, since DNAmGrimAge outperforms other epigenetic clocks 

in their associations with age-related conditions and mortality and may be the most useful 

when establishing relationships between epigenetics, physical function and chronic pain in 

older adults (33).

While it is widely understood that chronological aging is a significant risk factor for 

developing knee pain (34, 35), and that knee pain can impact physical function (1, 5, 6), 

limited data exists on how epigenetic aging may influence this relationship. Individuals with 

high impact pain (i.e., pain that limits physical function) present with an older epigenome 

than those with low impact pain when using DNAmGrimAge to predict biological age. 

Furthermore, DNAmGrimAge is strongly associated with physical functioning (32, 33, 
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36) and is the only epigenetic clock associated with the complex, multidimensional pain 

experience (33). Therefore, the present study builds on this evidence and sought to identify 

associations between physical performance and DNAmGrimAge in individuals with knee 

pain and to examine whether DNAmGrimAge mediates the association between physical 

performance limits and self-reported knee pain. Based on previous work, we hypothesized 

that an older epigenome in persons with higher knee pain impact will significantly mediate 

the association between knee pain and physical performance measures.

Methods

Participants

The present study is an ancillary investigation that aimed to determine brain and epigenetic 

aging patterns in knee pain, thus, only measures relevant to the study hypotheses are 

included and presented below. Participants between the ages of 45-85 (62.7% female) with 

self-reported knee pain were recruited from the University of Florida (UF; Gainesville, 

Florida, USA) and the University of Alabama at Birmingham (UAB; Birmingham, Alabama, 

USA). Individuals who self-identified as non-Hispanic and “African American/Black” or 

“White/Caucasian/European” and English speaking, were eligible for inclusion. Individuals 

were excluded if they reported 1) significant surgery to the index (i.e., most painful) 

knee (e.g., total knee replacement surgery); 2) cardiovascular disease or history of acute 

myocardial infarction; 3) uncontrolled hypertension (blood pressure > 150/95 mmHg); 

4) systemic rheumatic diseases (e.g., rheumatoid arthritis, systemic lupus erythematosus, 

and fibromyalgia); 5) neuropathy; 6) chronic opioid use; 7) serious psychiatric illness; 8) 

neurological disease (e.g., Parkinson’s, multiple sclerosis, stroke with loss of sensory or 

motor function, or uncontrolled seizures); 9) pregnant; 10) significantly greater pain in a 

body site other than the knee. All participants provided written informed consent and the 

study was IRB approved and conducted with accordance with the Declaration of Helsinki.

Procedures

Sociodemographic (e.g., age, sex, race), and health information (e.g., knee OA symptoms, 

weight) were collected during initial phone screening. Once initial eligibility was 

determined, individuals were scheduled for a health assessment session, during which 

informed consent was obtained followed by health history, pain history, and physical exam 

to determine the most painful (i.e., index) knee. Objective measures of physical function 

were also assessed during the health assessment session. Self-reported pain measures were 

completed and blood collection occurred approximately one week following the health 

assessment session.

Performance-Based Physical Function—The Short Physical Performance Battery 

(SPPB) was used as an objective measure of physical function (9). The SPPB asks 

participants to complete three tasks to assess function of the lower extremities, including 

a balance task, a chair stand task, and a gait speed task. Tasks are scored from 0 (unable to 

complete) to 4 (highest level of performance), and summed for an overall score ranging from 

0-12, with higher scores indicating greater functional ability.

Peterson et al. Page 3

Exp Gerontol. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Self-reported Pain—The Graded Chronic Pain Scale (GCPS) is a 7-item self-report 

measure used to assess characteristic pain intensity and pain interference over the past six 

months (20). Three items assess pain intensity (i.e., current, average, and worst), and three 

items assess pain interference, on a 0 (“no pain”/ “no interference”) to 10 (“pain as bad 

as it could be”/ “unable to carry out any activities”), respectively. An additional item asks 

participants to report “about how many days in the last six months have you been kept 

from your usual activities (work, school, or housework) because of knee pain”? Ratings are 

averaged and multiplied by 10 to produce a characteristic pain intensity (items 1-3), and pain 

disability (items 4-6) score ranging from 0-100, with higher scores indicating more severe 

symptoms.

Operational Definition of Pain Impact:  For the present study, we employed the GCPS 

pain severity grades where: grade 0 is no pain, grade I is low disability-low intensity, grade 

II is low disability-high intensity, grade III is high disability-moderately limiting, and grade 

IV is high disability-severely limiting (19, 20). Consistent with prior research (19) and 

following 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) (37), participants with a Grade of 0 were categorized as 

“No Chronic Pain Controls”, Grades 1-2 were classified as “Low Impact Pain”, and Grade of 

3-4 “High Impact Pain”.

Blood Collection and Processing—Blood samples were collected using a 10ml K2 

EDTA tube that was subsequently used for DNA extraction and methylation analysis as 

previously reported by our group. The buffy coat was carefully extracted and stored at −80-

degree until all samples were collected. The isolated DNA samples were qubit quantified, 

assessed for quality, and sent to the Molecular Genomics Core at the Moffitt Cancer Center 

(Tampa, FL 33612) for bisulfite conversion and EPIC methylation array analyses. Bisulfite 

conversion used qubit quantified 50 ul of 22ng/ul DNA in 96 well plate format. The Infinium 

Human Methylation EPIC Bead Chip kit was used covering over 850,000 CpG sites, with 

each CpG assay replicated. The internal controls assessed bisulfate conversion, staining, 

extension, hybridization, and assay performance. We used the BeadArray Controls reporter 

software for quality control assessment, with experimenters’ blinded using sample IDs to 

keep duplicate sample integrity.

DNA Methylation Age Calculation—Our prior work (30) showed that out of 

five epigenetic clocks, DNAmGrimAge was highly associated with the complex, 

multidimensional experience of pain in persons with knee pain. The DNAmGrimAge clock 

uses 1,030 CpG sites for its age calculation, and has shown predictability of mortality 

(i.e., Grim news) in previous work (32). As in our prior work, the raw data generated by 

illumina EPIC array (.idat files) were processed using R package minfi (38). 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 

(26) The normalized beta values were obtained using ChAMP (Chip Analysis Methylation 

Pipeline for Illumina HumanMethylation EPIC) protocol (38). These normalized beta values 

were extracted as .csv file to input dataset containing all the CpGs required for the online 
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calculator as recommended by the calculator tutorial. The updated input dataset file and 

sample annotation file were uploaded in the online calculator as required to get the output 

file with processed DNA methylation age.

Statistical Analysis—Data analyses were performed using IBM SPSS v27.0 (Armonk, 

NY: IBM Corp) software and data were checked for normality, outliers, and conformance 

to assumptions prior to analysis of results. We used one-way analysis of variance (ANOVA) 

to compare groups with respect to continuous variables and χ2 analyses to assess 

associations with nominal variables. To compare chronological age to biological age using 

the aforementioned epigenetic clock, AgeAccelGrim was calculated using the difference 

between the two ages. SPPB scores and epigenetic differences in pain impact was assessed 

using a one-way analysis of covariance (ANCOVA), accounting for sex, race, chronological 

age, and study site, similar to our previous work (39) and adjusting for multiple comparisons 

using a Bonferroni correction. Pearson correlations were used to assess associations between 

SPPB domains, the epigenetic clocks, and self-reported pain severity and disability while 

controlling for sex, ethnicity/race, chronological age, weight and study site. Hierarchical 

linear regressions were performed to determine the association of pain impact with physical 

performance and epigenetic clocks after adjustment of covariates. Three models were tested; 

model 1 = pain impact, model 2 = model one plus sex, race, and study site, and model 3 = 

model 2 plus age and weight. Model assumptions were tested including tests of normality 

distribution and homogeneity of variances. Using the Hayes PROCESS macro (model 4) 

that was downloaded into IBM SPSS 27 (40), linear regression-based mediation analyses 

were used to assess pain grade (group, severity, and disability) and its association with SPPB 

domains with DNAmGrimAge as the mediator using direct and total indirect effects (Figure 

1). We input pain variables (pain group, pain severity, and pain disability as independent 

predictors) as independent variables (X), DNAmGrimAge as the mediator (M), and SPPB 

domain (balance, sit to stand, walk, and total score) as the dependent variable (Y). Sex, 

race, age, weight, and study site were introduced as covariates. This model calculated direct 

effects of X on Y, the indirect effects of X on Y through M, and the total effects, which 

is the sum of the direct and indirect pathway. To overcome potential unmet assumptions 

commonly found in mediation analysis, bootstrapping procedures were employed for all 

analyses with 5,000 samples and reported as estimates and standard errors or as 95% 

bootstrapped confidence intervals. A probability less than 0.05 was considered statistically 

significant.

Results

Demographic and Subject Characteristics

Of the 213 participants who took part in the epigenetic sub-study that examined pain 

impact and epigenetic aging, 174 participants had complete pain, physical performance, and 

covariate data. The analytic sample age was 57.91 ± 8.04, was 62.7% female and 55.4% 

Non-Hispanic white. Self-reported pain and disability measures differed across pain impact 

groups as expected (p’s <0.001). Those with low impact pain had an older epigenome 

(p=0.015) relative to their chronological age (i.e., AgeAccelGrim). Similarly, those with 
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high impact pain had an older AgeAccelGrim (p<0.001) relative to their chronological age. 

Pain characteristics by group are shown in Table 1.

Balance, walking, sit to stand, and total physical performance were compared between those 

with high pain impact pain, low impact pain, and no pain controls while controlling for sex, 

race, chronological age and study site (Figure 2). Individuals with high impact pain had 

lower balance scores than those with low impact pain (p=0.021). There were also differences 

in the sit to stand scores where individuals with high impact pain had lower scores compared 

to controls (p<0.001) and those with low impact pain (p=0.008). Individuals reporting high 

impact pain had lower walking scores than the control group (p=0.019). Individuals with 

high impact pain had lower total SPPB scores than the control group (p<0.001) and low 

impact pain group (p<0.001).

Associations between Self-Reported Pain, Physical Performance, and Epigenetic Aging

Pain impact, severity and disability were significant predictors of walking and total SPPB 

scores controlling for study site, sex, race, weight, and chronological age. Pain Impact 

predicted balance scores, and pain impact and pain severity predicted sit to stand scores. 

Pain impact, severity and disability were also predictors of DNAmGrimAge after controlling 

for study site, sex, race, weight, and chronological age. Results are presented in Table 2.

Mediation analysis

Pain impact, pain severity, and pain disability all predicted DNAmGrimAge (table 3) and 

DNAmGrimAge was associated with balance, but not sit to stand, walking or total SPPB 

scores (table 4). With SPPB domains as the dependent variables, DNAmGrimAge mediated 

the indirect effect of pain impact, pain severity and pain disability on balance scores and was 

statistically significant (i.e., did not include zero) as evaluated with the 95% bootstrapped 

confidence interval (table 5).

Discussion

To our knowledge, this is the first study to examine the link between epigenetic aging 

and physical performance in adults with high and low impact knee pain. Several findings 

emerged. First, individuals with high impact pain had reduced balance, standing, walking, 

overall physical performance compared to persons with lower impact pain and pain-free 

controls. Second, while various pain measures were associated with multiple physical 

function measures, only balance was associated with epigenetic aging. Finally, epigenetic 

aging was only a significant mediator of the pain and balance association in our sample.

Our findings support the existing body of research where knee pain is associated 

with decreased physical function and increased disability in aging individuals (41–44). 

Population-based studies have shown that high-impact chronic pain increases the odds of 

severe pain, physical disability, and cognitive impairment (19, 45), however, the contributors 

to lower physical function in persons with pain are likely complex and multifactorial, 

especially in aging individuals. While peripheral factors have been previously reported 

in persons with chronic pain (i.e., changes in structural joint, muscle mass, muscle 

biochemistry, peripheral afferents) (46–51), other more systemic contributors remain to 
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be elucidated (i.e., brain, epigenetics) (39, 52, 53). Further, these associations are likely 

bidirectional in nature. For example, having both pain and physical disability could lead 

to physical inactivity, and in turn, accelerate epigenetic aging (54). On the other hand, 

regular physical activity protects against the development of chronic disease, improves 

health outcomes and slows down biological aging (55–57). While previous studies have 

reported multiple physical function domains to be associated with epigenetic aging (32, 

33, 36), we found that only balance was associated with epigenetic aging in our chronic 

pain sample. This inconsistency may be explained by sample differences. Specifically, our 

participants were significantly younger (~ 58 years old) than those studied previously (~ 

68-70 years old), with higher levels of physical and cognitive function, and lower levels 

of disability (33, 36). Another possibility may be the significantly smaller sample size of 

our study (n=174) compared to previous studies (n=413, n=920), where smaller effect sizes 

could be detected (33, 36). Future studies across the lifespan with a larger sample are needed 

to examine the consistency of these findings.

Finally, epigenetic aging only mediated pain’s impact on balance performance, and no 

other physical function measures. Although this was unexpected, our results may also be 

reflecting potential sample differences as explained above. Nonetheless, recent research 

has demonstrated that muscles have an epigenetic memory that influences muscle growth 

(58) and increased muscle mass can help with balance in older adults (59, 60), while the 

reverse are often present in persons with chronic pain (50, 61, 62). Additionally, fall risk, a 

consequence of poor balance, is a heritable, heterogeneous, and polygenic trait genetically 

correlated with fracture risk and grip strength (63). Fall risk has a large environmental 

influence, is multifactorial in origin and many different genetic pathways can contribute 

to the individual propensity to fall. While there is a small, but significant effect of gene 

expression on fall risk, it is more likely to be explained by environmental and lifestyle 

choices more aptly explained by epigenetics, however, this data does not currently exist. 

Therefore, the relationship between balance, fall risk, and epigenetic aging warrants further 

examination to explicate the association of balance with epigenetic aging.

The results of this study should be interpreted in light of a few considerations. First, data 

were collected as part of a larger study (n=216); however, only 174 participants completed 

the physical performance measures. Previous studies examining epigenetic aging and 

physical function have included much larger sample sizes (33, 36); it is therefore possible 

that our study was underpowered to detect additional associations. Another possibility is that 

the epigenetic aging measure used was not sensitive enough in our younger, high functioning 

sample of community-dwelling middle-to-older aged adults. Thus, future larger studies, with 

more comprehensive measures of biological aging that may be more sensitive in younger 

persons are needed to start measuring underlying contributors of pain’s impact on physical 

performance at earlier timepoints across the lifespan. Data were collected at a single time 

point; thus, the cross-sectional observations do not allow us to determine whether a specific 

epigenetic age preceded or was subsequent to pain and which was a contributor to physical 

performance. Future longitudinal studies should examine how chronic pain may accelerate 

the epigenome as well as other biological systems (i.e. telomere length, brain aging etc.) of 

an individual with chronic pain, especially high impact pain that limits physical functioning.
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Despite these limitations, this study provides preliminary evidence that high impact knee 

pain may accelerate epigenetic aging processes that may ultimatelyinfluence balance 

performance in middle to older age community dwelling adults. Epigenetic aging may be 

a useful marker of general health across the lifespan, and may identify those at greatest 

risk of age-related functional deterioration and death. Future investigations examining 

biological aging processes and interactions with physical function over time in chronic pain 

populations are warranted to provide more actionable causative information.
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Figure 1: 
Hypothesized model of the associations between pain domain (pain impact, severity, and 

disability), physical performance (balance, sit to stand, walking and total SPPB) and 

epigenetic aging (DNAmGrimAge clock).
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Figure 2: 
Adjusted means and SE differences when controlling for age, sex, race, and study site in 

physical performance domains between participants that did not have pain to those that had 

low impact pain (LIP) and high impact pain (HIP). *indicate significant difference between 

groups (p<0.001).
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Table 1:

Demographic sample characteristics (n=174)

No Pain (n=26) Low impact Pain (n=95) High Impact pain (n=53)

Age 59.58 ± 9.33 58.63 ± 7.96 56.63 ± 7.12

Female 18 (69) 62 (65) 30 (56)

Study location (UF) 17 (65) 62 (65) 30 (56)

White * 17 (65) 59 (62) 21 (39)

Height (cm) 166.20 ± 7.65 168.04 ± 8.89 170.44 ± 9.37

Weight (kgs) * 83.68 ± 16.51 85.16 ± 18.41 92.54 ± 18.67

BMI (kg/m2) 30.30 ± 5.71 30.32 ± 6.68 31.87 ± 6.04

Pain Score * 0.00 ± 0.00 11.83 ± 6.90 20.30 ± 5.39

Disability Score * 9.38 ± 1.96 5.95 ± 5.88 50.96 ± 46.23

AgeAccelGrim* 0.09 ± 3.31 1.32 ± 5.41 5.14 ± 5.66

*
denotes significant difference between groups P<0.05

AgeAccelGrim = difference between age and DNAmGrimAge
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Table 2:

Hierarchical regression analysis of pain domains (pain impact, pain severity, and pain disability) predicting 

physical function and brain-PAD

Pain Impact Pain Severity Pain Disability

Dependent variables Standardized b p Standardized b p Standardized b p

Physical Function

  Balance −0.153 0.031 −0.132 0.089 −0.087 0.233

  Sit to Stand −0.257 <0.001 −0.280 <0.001 −0.112 0.109

  Walk −0.162 0.015 −0.161 0.034 −0.158 0.028

  Total SPPB score −0.310 <0.001 −0.315 <0.001 −0.160 0.024

Epigenetic Clock

  DNAmGrimAge 0.146 <0.001 0.153 <0.001 0.170 <0.001

*
note: SPPB – Short physical performance battery

Exp Gerontol. Author manuscript; available in PMC 2023 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Peterson et al. Page 16

Table 3:

Path A - effect of pain impact (independent variable) on AgeAccelGrim (mediator)

Coefficient CI P-value

Pain Impact 2.329 0.823; 3.835 0.003

Pain Severity 0.185 0.073; 0.298 0.001

Pain Disability 0.036 0.015; 0.058 <0.001
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Table 4:

Path B - effect of AgeAccelGrim (mediator) on dependent variable (SPPB scores)

Coefficient CI P-value

Balance −0.025 −0.046; −0.005 0.014

Sit to Stand −0.020 −0.063; 0.024 0.370

Walking −0.009 −0.029; 0.011 0.376

Total SPPB Score −0.047 −0.100; 0.009 0.082

*
Note – SPPB = Short Physical Performance Battery
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Table 5:

Mediated indirect effect estimates of Pain Impact Group and GCPS scores on SPPB outcomes, with 

bootstrapped confidence intervals.

Indirect effect

effect CI

Pain Impact

 Balance −0.059 −0.127; −0.013*

 Sit to Stand −0.045 −0.163; 0.070

 Walking −0.021 −0.075; 0.059

 Total SPPB Score −0.11 −0.279; 0.026

Pain Severity

 Balance −0.005 −0.012; −0.001*

 Sit to Stand −0.004 −0.014; 0.005

 Walking −0.002 −0.006; 0.002

 Total SPPB Score −0.009 −0.023; 0.001

Pain Disability

 Balance −0.001 −0.002; −0.001*

 Sit to Stand −0.001 −0.003; 0.001

 Walking 0 −0.001; 0.000

 Total SPPB Score −0.002 −0.005; 0.000

*
Note – SPPB = Short Physical Performance Battery
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