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Purpose: A substantial proportion of patients experience chronic postsurgical pain (CPSP) following total knee arthroplasty (TKA);
yet, factors contributing to CPSP remain poorly defined, limiting mechanism-based treatments. Although perioperative oxidative stress
(OS) has been associated with CPSP, it is unknown whether baseline cytokine levels, which affect nociceptor sensitization, modify the
impact of OS on long term post-TKA pain outcomes.

Methods: This exploratory secondary analysis included 58 adults undergoing unilateral primary total knee arthroplasty. Pre-incision,
baseline plasma interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-a), and interleukin-10 (IL-10) were measured. Intraoperative
OS was measured by quantifying plasma concentrations of F2-isoprostanes and isofurans across three intraoperative time points. Six-
month post-TKA outcomes included numeric rating scale (NRS) pain intensity, Short Form McGill Pain Questionnaire 2 (MPQ-2),
PROMIS Pain Interference, and Knee Injury and Osteoarthritis Outcome Score for Joint Replacement.

Results: Baseline cytokines were positively correlated with intraoperative OS. Hierarchical regressions indicated that IL-6 positively
modified the effect of OS on average 6-month NRS pain intensity, and TNF-a and IL-10 positively modified the effect of OS on the
MPQ-2 Neuropathic subscale. Simple effect analyses indicated in each case that higher intraoperative OS was associated with worse
pain among participants with higher baseline cytokine levels, with no association observed at lower cytokine levels.

Conclusion: Increased baseline inflammatory cytokine levels increased the association between increased intraoperative OS and six-
month pain outcomes post-TKA, suggesting a biological “double-hit” in which inflammation and OS interact to increase CPSP
vulnerability. Given the exploratory nature of these analyses, replication in larger cohorts is needed. These exploratory analyses were
not corrected for multiple comparisons; therefore, findings should be interpreted as hypothesis-generating.
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Introduction

Total knee arthroplasty (TKA) is one of the most commonly performed surgical procedures to improve mobility and
quality of life in older adults, with over 1 million procedures performed annually and projected volumes exceeding
2.8 million by 2040." Although TKA is highly effective for most patients, at least 15% continue to experience persistent
postoperative pain that impairs function long after surgical healing.>* Chronic postsurgical pain (CPSP) following TKA
is associated with prolonged opioid use and associated risks.” The mechanisms driving the transition from acute

postoperative pain to CPSP remain incompletely understood. Identifying preoperative and intraoperative biological
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factors that shape long-term pain vulnerability is therefore a priority for perioperative precision medicine, with implica-
tions for patient selection, risk stratification, and targeted intervention.

Growing evidence implicates immune signaling—and specifically the cytokines interleukin-6 (IL-6), tumor necrosis
factor-oa (TNF-a), and interleukin-10 (IL-10)—in postoperative pain trajectories.® Pro-inflammatory cytokines IL-6 and
TNF-a contribute to leukocyte recruitment, sensitization of peripheral and central nociceptive pathways, and activation of
spinal microglia’ *—mechanisms fundamental to the transition from acute to chronic pain.'® Consistent with this, elevated
preoperative TNF-a predicts more severe early postoperative pain phenotypes, including heightened complex regional pain
syndrome (CRPS) features at six weeks following TKA."" In another TKA cohort, TNF-a gene expression was significantly
higher preoperatively in patients who later developed CPSP,'* underscoring the role of baseline inflammatory tone in shaping
pain outcomes. IL-6, while pro-inflammatory and associated with acute postoperative pain, has nonetheless been linked to
reduced chronic pain risk in one musculoskeletal surgery cohort,"* highlighting its pleiotropic and context-dependent effects.

In contrast, IL-10 is generally characterized as an anti-inflammatory cytokine with important immune-regulatory

14,15

effects. IL-10 suppresses pro-inflammatory cytokine production, modulates glial activation,'® and limits central

sensitization.® Clinically, reduced systemic levels of anti-inflammatory cytokines, including IL-10, have been observed in

patients with widespread pain,'’

and individuals who developed CPSP after TKA exhibited significantly lower pre-
operative synovial IL-10 concentrations than those with minimal pain.'® These findings suggest that lower IL-10 may
increase vulnerability to chronic postsurgical pain. However, IL-10 can also be pleiotropic and may increase as part of
a compensatory or homeostatic response to heightened inflammatory activity.'® Thus, elevated IL-10 levels may not
always indicate a protected immune state, but may instead reflect an activated immune-regulatory response in the setting
of greater underlying inflammatory burden. Collectively, IL-6, TNF-a, and IL-10 emerge as mechanistically and
clinically relevant biomarkers that may help characterize a patient’s postsurgical pain phenotype.

Oxidative stress (OS) represents another biological pathway relevant to perioperative pain outcomes.?® Surgical ischemia—
reperfusion, tissue manipulation, and metabolic demand—generate reactive oxygen species that lead to OS.?' Clinically, elevated
perioperative OS has been linked to worse long-term pain and function after TKA.**** Human experimental work further
suggests possible OS-related hyperalgesia, with associations reported between elevated OS markers and reduced pain threshold
(ie., increased pain sensitivity) on evoked laboratory pain testing.”* Of note, F2-isoprostanes (IsoP; the most sensitive and

2025 generated during OS have been found to sensitize and enhance firing of C-nociceptors, trigger

specific in vivo OS marker)

release of inflammatory mediators,?® and directly activate ion channels such as TRPA1 that are implicated in chronic pain.’
Mechanistic work provides some biological support for interactions between OS and cytokine systems. Preclinical

studies demonstrate that OS is linked to activation of NF-kB** and MAPK signaling,” and activation of MAPK in

immune cells and spinal microglia stimulates production of IL-6 and TNF-q,*%°

amplifying neuroinflammatory
cascades. Moreover, in vitro work indicates that pro-inflammatory cytokines can further increase OS, thus creating
a positive feedback loop that may sustain inflammatory signaling.®'

Despite these mechanistic insights, human investigations into whether and how OS and cytokines may interact to
shape pain outcomes in the postoperative setting remain limited. One study in patients undergoing laryngeal resection
reported a significant positive correlation between an OS biomarker and IL-6 in the week after surgery, however they did
not report associations with postoperative pain. To our knowledge, no human study has evaluated whether preoperative
cytokine levels modify the effect of intraoperative OS on long-term pain after surgery. We hypothesized that elevated
pro-inflammatory cytokines would amplify the effect of intraoperative OS on chronic pain outcomes. The current
exploratory study tests whether baseline (pre-incision) systemic (plasma) levels of IL-6, TNF-a, and IL-10 moderate
the relationship between intraoperative OS (indexed by F2-Isoprostanes [IsoP] and isofurans [IsoF], the best available
biomarkers) and six-month pain and functional outcomes following TKA.

Material and Methods
Design

This study used a mixed between/within-subjects longitudinal design. Results reported below are a secondary analysis of

a dataset detailed previously.”**®
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Participants

Study participants were individuals undergoing unilateral primary TKA for the treatment of degenerative knee joint
changes and pain related to osteoarthritis. Participants were recruited primarily in-person from the multi-surgeon
orthopedic practice at Vanderbilt University Medical Center (VUMC) by the research coordinator, in accordance with
IRB requirements, and through introductory presentations during a pre-operative TKA education session. Some later
enrollees were recruited by telephone in response to COVID-related modifications in clinical procedures. Individuals
who expressed interest after being provided with study information were screened for eligibility. All study participants
provided informed consent prior to study participation. Enrollment occurred between August 2017 and June 2021, and all
study procedures were approved by the VUMC Institutional Review Board, IRB #150295. All study procedures complied
with the Declaration of Helsinki.

Study participation was contingent on the following inclusion criteria: 1) intact cognitive status with ability to provide
informed consent (Mini Mental State Examination score >24),%* 2) ability to read and write in English sufficiently for
understanding and completion of study questionnaires, 3) at least age 55 years, 4) scheduled unilateral TKA, and 5)
a known osteoarthritis diagnosis. Exclusion criteria were: 1) scheduled TKA revision; 2) diagnosed complex regional
pain syndrome, lower extremity vascular disease, inflammatory or autoimmune disorders, or malignancy; and 4) any
other known medical conditions that per the orthopedic surgeons would make participation unsafe. In exchange for
completing the entire study, participants were compensated $200.

Of the pool of 985 potential participants identified, 303 patients expressed their interest in the study and were
screened. Of those initially screened, 120 patients provided consent but 7 subsequently failed screening for reasons such
as cognitive dysfunction or medical exclusions, and the resulting sample was n = 113 with no participants lost to follow
up. It was after the study started that the decision to obtain blood samples for cytokine assays was made. Thus, the
number of patients available for the current study was reduced. The final analyzed sample for this study reflects all
participants from the pool above with available intraoperative OS and baseline proinflammatory cytokine levels (n = 58).
A comparison of the analyzed sample (n = 58) to non-analyzed participants (n = 54) on demographics, baseline pain, and
6-month outcomes revealed no significant differences (all p >0.05; Supplementary Table S2), consistent with the

logistical rather than clinical nature of the missing cytokine data. For preoperative demographics of study participants
and descriptive measures, see the summary presented in Table 1. The sample consisted of older adults, mostly white and
non-Hispanic, with nearly 2/3 female.

Oxidative Stress Assays

We quantified systemic OS by measuring plasma concentrations of IsoP and IsoF. Both IsoP and IsoF exhibit stability in
biological tissues and fluids.”*> They are products of non-enzymatic arachidonic acid peroxidation as well as end
products of a common lipid radical intermediate. Oxygen concentration determined the relative production of IsoP versus
IsoF, and gas chromatography/negative ion chemical ionization mass spectrometry (GC/NICI-MS) as earlier described by
our laboratory”® was used for quantification. For in depth descriptions of OS assay procedures and assay results in this
sample, see our prior work.''****-** Consistent with previous work,>” to minimize the confounding effects of differing
oxygen concentrations, we derived and analyzed a combined OS variable reflecting the mean concentration of IsoP and
IsoF.

Inflammatory Cytokine Assays

Using a Meso Scale Diagnostics V-Plex Human Proinflammatory Panel with electrochemiluminescent detection (Meso
Scale Diagnostics, Rockville, MD), circulating levels of IL-6, TNF-a, and IL-10 were measured. Assays were performed
according to the manufacturer’s protocol and read using a QuickPlex SQI120 instrument (Meso Scale Diagnostics,
Rockville, MD). Plasma samples were analyzed in duplicate, and assay results are reported as the mean of duplicate
measurements in pg/mL. Manufacturer-reported median lower limits of detection were 0.06 pg/mL for IL-6, 0.04 pg/mL
for TNF-0, and 0.04 pg/mL for IL-10. Values below the lower limit of detection were coded as 0. All samples were
analyzed in a single batch, and laboratory personnel were blinded to clinical outcomes.

Journal of Pain Research 2026:19 https: 3


https://www.dovepress.com/article/supplementary_file/602792/602792%20Supplementary%20Tables.docx

Durbhakula et al

Table | Participant Demographic and Clinical Characteristics (n=58)

Characteristic Frequency (%) or Mean (SD)
Sample size, n 58

Age, years 67.4 (7.3)
Female sex, n (%) 37 (64%)
Body mass index, kg/m? 31.8 (5.7)
Ischemia duration, minutes 73.2 (I5.1)
Baseline pain and functional measures:

MPQ-2 Total 2.33 (1.80)
NRS Worst Pain 6.0 (2.5)
NRS Average Pain 3.9 (2.0
PROMIS Pain Interference 62.7 (7.1)
KOOS-JR 49.2 (14.4)
6-month follow-up pain and functional measures:

MPQ-2 Total 0.40 (0.70)
NRS Worst Pain 1.5 2.1)
NRS Average Pain 0.6 (1.0)
PROMIS Pain Interference 45.9 (6.9)
KOOS-JR 78.5 (12.2)
Baseline cytokines (log, transformed):

IL-6 0.42 (0.97)
TNF-a 0.60 (0.52)
IL-10 —1.69 (0.76)
Intraoperative oxidative stress (log, transformed):

Combined OS (IsoP + IsoF / 2) —5.09 (0.79)

Notes. Values are presented as mean (SD) for continuous variables and n (%) for categorical variables.
Abbreviations: MPQ-2, McGill Pain Questionnaire-2; NRS, Numeric Rating Scale (0-10); PROMIS,
Patient-Reported Outcomes Measurement Information System Pain Interference T-score; KOOS-JR,
Knee Injury and Osteoarthritis Outcome Score for Joint Replacement; IL, Interleukin; OS, Oxidative
Stress; IsoP, F2-Isoprostanes; IsoF, Isofurans.

Pain and Functional Outcomes

Long-Term Post-TKA Pain Outcomes

Participants were asked to rate the worst and average knee pain intensity experienced in the 24 hours preceding
assessment at the 6-month follow-up using a 0—10 NRS anchored with “no pain” and “worst possible pain”.>® More
qualitative aspects of knee pain intensity (on a 0—10 scale) in the week prior to the 6 month follow-up visit were also
rated using the Short Form-McGill Pain Questionnaire 2 (MPQ-2).%’

Long-Term Post-TKA Functional Outcomes

Patients rated pain-related life interference over the past week at 6-month follow-up using the PROMIS Short Form
v1.0 - Pain Interference 8a scale (PROMIS Interference).>® Scores are reported as T-scores (relative to the general
population) with a mean of 50 and standard deviation of 10, with higher scores indicating greater pain-related
limitations. The Knee Injury and Osteoarthritis Outcome Score for Joint Replacement (KOOS-JR)*® was used to
assess movement-evoked pain and functional limitations in the week preceding the 6 month assessment. Raw scores
were converted to interval scores according to standard procedures in the scoring manual, with lower scores
indicating greater movement-evoked pain and worse function.

Procedure

A research coordinator performed a baseline preoperative assessment session at the participant’s home upon completion
of informed consent (median = 3.0 days before surgery). During this meeting, patients completed a demographic
questionnaire as well as the pain and functional measure questionnaires described above.
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Intraoperative anesthesia on the day of surgery consisted of spinal anesthesia and sedation/maintenance anesthe-
sia care for most patients (84.5%), although 15.5% of patients received general endotracheal anesthesia with
a volatile anesthetic based on their preference or medical necessity. Anesthesia type did not significantly affect
pain and functional outcomes at follow-up (all p’s >0.10). In the operating room following anesthesia induction,
blood was drawn from an intravenous catheter for OS and inflammatory cytokine assays (8 mL). Blood was drawn
three times: immediately pre-incision (for OS and cytokine assays), 45 minutes post tourniquet placement (OS only),
and 15 minutes post tourniquet removal (OS only). The intraoperative tourniquet was applied for a median duration
of 68.5 minutes (IQR: 18.5). Prior work in this sample indicated that tourniquet duration was independent of
intraoperative OS levels.”> For all assays, blood was drawn into anticoagulant EDTA tubes with added glutathione
and butylated hydroxytoluene and then immediately stored on ice. Samples were transported rapidly to the
laboratory where they were centrifuged at 1000G at 4° C for 10 minutes, plasma separated and stored in a cryovial
at —80°C until they were analyzed.

The research coordinator conducted follow-up assessment sessions in the participant’s home at 6 months (24-28 week
window) following the surgery to again obtain the pain and functional outcomes. All participants completed follow up
(none were lost).

Data Analysis

All statistical analyses were conducted using R (v4.2.3). Descriptive statistics (means, standard deviations, frequencies)
were calculated for the final analytic sample (N=58). For each timepoint (pre-incision, mid-tourniquet, and post-
tourniquet), IsoP and IsoF concentrations were averaged to create a Combined OS value. These three Combined OS
values were then averaged across the three timepoints to create the Intraoperative Combined OS measure. This variable
was then log2-transformed prior to analysis to address significant positive skewness. Cytokine variables (IL-6, TNF-a,
IL-10) were similarly log2-transformed due to violations of normality assumptions.

To examine bivariate unadjusted relationships between key variables, Spearman’s rank-order correlations were
computed between baseline (pre-incision) cytokine levels (IL-6, TNF-a, IL-10), the combined oxidative stress (OS)
measure, and 6-month pain and functional outcomes, given the non-normal distributions of the raw biomarker
variables. To test the primary hypothesis that baseline cytokines moderate the relationship between intraoperative OS
and 6-month pain-related outcomes, separate hierarchical linear regression models were conducted for each combi-
nation of cytokine moderator (IL-6, TNF-o, IL-10) and pain outcome. We focused here on seven outcomes at
6-month post-TKA follow-up: MPQ-2 Total score and the MPQ-2 Continuous and Neuropathic subscales (analyses
of MPQ-2 Intermittent and Affective subscales were all nonsignificant and are not detailed further); NRS Worst and
Average Pain, KOOS-JR, and PROMIS Pain Interference. For each model, covariates (sex, age, BMI, and ischemia
duration)”® were entered in the first step, along with the baseline value of the targeted outcome (thus, results
reflected baseline-corrected change from baseline in each pain-related outcome). The main effects for intraoperative
OS and the baseline cytokine moderator (both log, transformed) were entered in the second step. A two-way
multiplicative interaction term (OS X Cytokine) was entered in the final step. To address multiple testing, Benjamini-
Hochberg false discovery rate (FDR) adjusted p-values were computed across all 21 interaction tests and are
reported in Supplementary Table S1.

To reduce multicollinearity in interaction models and facilitate interpretation, all continuous predictors (age, BMI,
ischemia duration, baseline values of the outcome measure, OS, and cytokines) were mean-centered prior to model entry.
This procedure successfully reduced all variance inflation factors (VIFs) to below 2.0. Residual diagnostics were
conducted for all models. Homoscedasticity assumptions were met and VIFs confirmed acceptable multicollinearity
levels. As a sensitivity analysis addressing potential distributional concerns, bootstrapped 95% confidence intervals
(2,000 replicates, bias-corrected and accelerated method) were computed for significant interaction terms. Bootstrapped
point estimates were consistent with parametric estimates, though confidence intervals were wider, reinforcing the
preliminary nature of these findings. Some departures from residual normality were observed; however, linear regression
coefficient estimates are robust to moderate non-normality in samples of this size.
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Given the exploratory nature of the study, for all models resulting in an OS X cytokine interaction that was significant
(p < 0.05) or approaching significance (p < 0.10), formal simple effects tests were conducted to evaluate the conditional
slope of OS on pain and functional outcomes at both high (+1 SD above the mean) and low (—1 SD) levels of the
cytokine moderator. Standard errors and significance tests for conditional slopes were computed using the variance-
covariance matrix of model coefficients. For significant interactions, Cohen’s f* was calculated to quantify the proportion
of variance explained by the interaction term beyond main effects.

Finally, in line with the exploratory nature of this study, models that did not yield an interaction that was significant or
approaching significance were subsequently examined for significant main effects of either intraoperative OS or the
baseline cytokine measure.

Results

Sample Characteristics and Bivariate Correlations

The final analyzed sample consisted of 58 participants (64% female, mean age 67.5 + 7.3 years, BMI 31.8 + 5.7 kg/m?)
with complete data on baseline cytokines, intraoperative OS, and covariates (see Table 1 for full characteristics). At 6
months post-surgery, pain levels were generally low (eg., NRS Average: 0.60 = 1.01). However, 22% (n=13) of
participants continued to report worst pain in the past 24 hours of >3/10 at 6 month follow-up.

Bivariate correlations (Table 2) showed that pro-inflammatory cytokines were significantly intercorrelated. Baseline
cytokines also demonstrated significant positive correlations with intraoperative OS. Intraoperative OS, in turn, was
significantly correlated with several 6-month pain outcomes, including MPQ-2 Total and NRS Average Pain.
Intraoperative OS was also significantly correlated with both functional outcomes (KOOS-JR and PROMIS Pain
Interference). None of the baseline cytokines were significantly correlated with either functional measure.

Primary Analysis: Cytokine Moderation of the Relationship Between OS and
Pain-Related Outcomes

We identified three significant interactions between baseline cytokines and intraoperative combined OS in predicting
6-month pain outcomes. Detailed results of these significant moderation analyses are presented in Table 3.
A significant interaction was found between baseline IL-6 and intraoperative OS in predicting 6-month NRS average
pain intensity (B = 0.53, 95% CI [0.04, 1.02], p = 0.036, > = 0.095; Model R* = 0.358), explaining an additional
6.8% of variance in the long-term pain outcome. Similarly, a significant interaction was found between baseline

Table 2 Spearman Correlations Among Cytokine, OS, and 6-month Follow-up Pain Outcomes

Variable 1 2 3 4 5 6 7 8 9 10
I.IL-6 - - - - - - - - - -
2. TNF-a 0.41%* - - - - - - - - -
3. IL-10 0.32% 0.18 - - - - - - - -
4. Intraoperative OS 0.45%FF | 0.39% | 0.27* - - - - - - -
5. 6-Mo. MPQ-2 Total 0.03 0.23 | —-0.02 | 0.30% - - - - - -
6. 6-Mo. MPQ-2 Continuous 0.07 0.18 | —0.04 | 0.30* 0.77%+* - - - - -
7. 6-Mo. MPQ-2 Neuropathic —-0.13 024 | —-0.10 0.15 0.77%*+* 0.40** - - - -
8. 6-Mo. NRS Worst Pain 0.13 —-0.01 | 0.04 | 03I* | 0.55% | 0.53%F 0.23 - - -
9. 6-Mo. NRS Average Pain 0.18 0.07 | —0.05 | 0.32% 0.64+%* 0.53%¥F | 0.41%F | 0.84%FF - -
10. 6-Mo. KOOS-JR —-0.15 —0.17 | 0.05 | —0.27*% | —0.50% | —0.52% | —0.24 | —0.64** | —0.54%F* -
I'1. 6-Mo. PROMIS Interference 0.15 0.14 0.05 | 0.40%F | 0.47%+* 0.37** 0.33* 0.6 ##* 0.63*¥F | —0.63%**

Notes: *p<0.05; **p<0.01; ***p<0.001.
Abbreviations: IL, Interleukin; OS, Oxidative Stress; Mo, Month; MPQ-2, McGill Pain Questionnaire-2; NRS, Numeric Rating Scale (0-10); PROMIS, Patient-
Reported Outcomes Measurement Information System Pain Interference T-score; KOOS-JR, Knee Injury and Osteoarthritis Outcome Score for Joint Replacement.
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Table 3 Summary of Significant Moderation Analyses Testing Cytokine X Intraoperative Oxidative Stress Interactions on 6-Month

Pain Outcomes

Cytokine Pain N Interaction Interaction Cohen’s Simple Effect High Simple Effect Low
Outcome [95% CI] p-Value f (+1 SD) (-1 SD)

IL-6 NRS Average 58 | 0.529[0.048, 1.010] 0.036 0.095 B = 0.660, p = 0.056 B =-0.365, p = 0.205

TNF-a MPQ-2 57* | 0.461[0.109, 0.813] 0.013 0.138 B =0.277, p = 0.053 B =-0.202, p=0.149
Neuropathic

IL-10 MPQ-2 57 | 0.440[0.067, 0.813] 0.025 0.112 B =0.523 p=0013* B=-0.15I,p=0386
Neuropathic

Notes: = regression coefficient; Cl = confidence interval; f* = Cohen’s effect size for interaction term. All models adjusted for sex, age, BMI, ischemia duration, and
baseline pain. * p <0.05 for simple effect test. P-values are unadjusted for multiple comparisons; FDR-adjusted p-values for all 21 interaction tests are provided in
Supplementary Table SI. ®N = 57 for models predicting MPQ-2 Neuropathic pain due to one participant with missing outcome data.

TNF-a and OS in predicting 6-month MPQ-2 Neuropathic pain intensity (f = 0.46, 95% CI [0.10, 0.82], p = 0.013,
2 = 0.138; Model R? = 0.380), explaining an additional 6.7% of variance in this outcome. Finally, a significant
interaction was found between baseline IL-10 and OS in predicting 6-month MPQ-2 Neuropathic pain intensity (f =
0.44, 95% CI [0.06, 0.82], p = 0.025, 2= 0.112; Model R? = 0.370), explaining an additional 7.1% of variance in

long-term neuropathic pain features.

Probing Significant Interactions: Simple Effects Tests

Simple effects tests were conducted to decompose the three significant interactions described above (see Figure 1). For
IL-6 and NRS Average Pain, the analysis revealed a positive relationship approaching significance between OS and
average pain intensity at high IL-6 levels (+1 SD) (B = 0.66, SE = 0.34, 95% CI [0.00, 1.32], p = 0.056). No relationship
was observed at low IL-6 levels (—1 SD) (B = —0.37, SE = 0.29, 95% CI [-0.92, 0.19], p = 0.205).

For TNF-0 and MPQ-2 Neuropathic Pain, a similar pattern emerged. At high TNF-a levels (+1 SD), there was
a positive relationship approaching significance between OS and neuropathic pain (f = 0.28, SE = 0.14, 95% CI [0.00,
0.55], p = 0.053). No relationship was observed at low TNF-a levels (—1 SD) (f = —0.20, SE = 0.14, 95% CI [-0.47,
0.07], p = 0.149).

For IL-10 and MPQ-2 Neuropathic Pain, the simple effect at high IL-10 levels (+1 SD) revealed a statistically
significant positive relationships between OS and intensity of neuropathic pain features (f = 0.52, SE = 0.20, 95% CI
[0.13, 0.92], p = 0.013). In contrast, no relationship was observed at low IL-10 levels (—1 SD) (B = —0.15, SE = 0.17,
95% CI [-0.49, 0.19], p = 0.386).

In all three significant interactions, the conditional slope of OS on pain was positive (or approaching significance) at
high cytokine levels, with no significant relationship observed at low cytokine levels.

Exploratory Findings: Interactions Approaching Significance and Main Effects
In exploratory analyses, three additional interactions involving baseline IL-6 and intraoperative OS approached statistical
significance. These included moderation effects on MPQ-2 Total (B = 0.30, 95% CI [-0.05, 0.64], p = 0.093), MPQ-2
Continuous ( = 0.40, 95% CI [—0.05, 0.84], p = 0.083), and PROMIS Pain Interference (B = 3.13, 95% CI [-0.19, 6.44],
p = 0.059). Simple effects tests for all three interactions that approached significance revealed a pattern consistent with
the significant findings described above: a positive but non-significant association between OS and pain at high IL-6
levels (P range: 0.40-4.45, p-values 0.058 to 0.102), with no association at low IL-6 levels (all p > 0.35).

Finally, models with non-significant interactions were examined for independent main effects. In models where TNF-
a did not significantly interact with OS, higher baseline TNF-a emerged as a significant independent predictor of more
severe 6-month pain, even after controlling for OS and all covariates. Significant main effects for TNF-a were found for
MPQ-2 Total (f = 0.65, 95% CI [0.32, 0.99], p < 0.001), NRS Average Pain ( = 0.89, 95% CI [0.41, 1.36], p = 0.001),
and MPQ-2 Continuous (f = 0.87, 95% CI [0.44, 1.29], p < 0.001). All reflected positive associations between TNF-a
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Figure | (A) Moderation by IL-6 on average pain intensity (NRS). At high IL-6 levels (+| SD), a non-significant trend emerged for OS to predict pain (p = 0.056). N = 58.
(B). Moderation by TNF-a on neuropathic pain quality (MPQ-2). At high TNF-a levels (+1 SD), a marginal trend was observed (p = 0.053). N = 57. (C). Moderation by IL-10
on neuropathic pain quality (MPQ-2). At high IL-10 levels (+1 SD), OS significantly predicted neuropathic pain (p = 0.013). N = 57.

Notes: Simple slopes are estimated at +| SD from the mean of the pre-incision cytokine moderator, with all covariates held at their mean values. Shaded areas represent
95% confidence intervals. All models are adjusted for sex, age, BMI, ischemia duration, and baseline pain.

Abbreviations: OS, Oxidative Stress; NRS, Numeric Rating Scale; MPQ-2, McGill Pain Questionnaire-2.
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and long-term post-TKA pain outcomes. No other significant main effects were observed for IL-6, IL-10, or intraopera-
tive OS in models without significant interactions.

Discussion

We found that intraoperative OS was positively correlated with baseline inflammatory cytokines, and more importantly,
that cytokines moderated the effect of OS on six-month post-TKA pain outcomes. These interaction effects were
statistically significant for the NRS average pain intensity outcome (baseline IL-6) and for MPQ-2 neuropathic pain
intensity (baseline TNF-a and IL-10 levels). Simple effects analyses indicated significant conditional effects consistent
with a two-hit pattern, as individuals with both higher intraoperative OS and higher inflammatory cytokine levels
exhibited the worst pain outcomes. This study adds a new dimension to our prior findings showing that elevated
intraoperative OS is linked to risk for chronic pain following TKA.?

In addition to the observed interaction effects, baseline TNF-o demonstrated notable main effects in adjusted
regression models, with higher TNF-a, levels associated with greater pain intensity across several outcomes at six months
following TKA. While these associations were among the stronger effects observed in adjusted models (p <0.001 across
multiple outcomes), they were less apparent in unadjusted bivariate correlations (Table 2), suggesting that the relation-
ship between TNF-a and chronic pain may be partially confounded by demographic and clinical factors controlled for in
the regression models. These adjusted findings are consistent with prior mechanistic evidence that TNF-a is an upstream
pro-inflammatory mediator®® with direct effects on nociceptor excitability*® and sensitization.

The observed interactions involving IL-6 and TNF-a are consistent with our hypotheses based on prior literature
implicating pro-inflammatory cytokines in oxidative stress—driven neuroinflammatory cascades and risk for chronic pain.
Preclinical animal and in vitro studies demonstrate that OS activates NF-xB*® and MAPK?’ signaling pathways,
promoting production of cytokines such as IL-6 and TNF-0.2°>° This inflammatory signaling can then further amplify
08, creating a feed-forward loop that sustains nociceptive sensitization.*' Our findings are encouraging for extending this
mechanistic framework to a human surgical population, suggesting a plausible and biologically intuitive “double-hit”
model in which inflammation and OS may collectively contribute to risk for chronic pain post-TKA.

The IL-10 findings are particularly interesting because the pattern of associations differed from that observed for IL-6
and TNF-o. In bivariate analyses, IL-10 was positively correlated with IL-6 and intraoperative OS, but its associations
with six-month pain outcomes were weak, non-significant, and directionally mixed rather than uniformly positive. As

616718 4t is also

noted above, although prior literature suggests a protective effect of IL-10 levels on pain outcomes.,
pleiotropic and may increase as part of a compensatory or homeostatic response to heightened inflammatory burden.'® In
the present study, pre-incision IL-10 significantly moderated the association between intraoperative OS and MPQ-2
Neuropathic pain intensity, such that higher OS was associated with greater neuropathic pain features among participants
with higher IL-10 levels. We speculate that rather than suggesting a directly pronociceptive effect of IL-10, this pattern
may indicate that elevated IL-10 identifies patients with a more activated immune-regulatory state in whom intraopera-
tive OS has greater relevance for later neuropathic pain features. We acknowledge alternative explanations, including
residual confounding, correlation with unmeasured inflammatory burden, assay variability, and chance given the
exploratory nature of the study. Future studies with larger samples and longitudinal cytokine assessment will be needed
to clarify whether IL-10 functions primarily as a compensatory marker of inflammatory burden or has a more complex
regulatory role in OS-related postoperative pain vulnerability.

A key strength of this study is the rigorous and state of the art assessment of OS. OS reflects an imbalance between
the generation and elimination of reactive oxygen species (ROS), arising from excess ROS production or insufficient
antioxidant defenses.*’ ROS induce chemical oxidation of proteins, DNA, and lipids, leading to structural changes that
alter cellular function and promote inflammation, fibrosis, and apoptosis—processes that can directly contribute to patient
morbidity.**** The present study employed circulating F2-isoprostanes (IsoP) and isofurans (IsoF), which are widely
regarded as the most sensitive and specific indices of systemic OS in vivo.?’> IsoP and IsoF are stable end products of
non-enzymatic arachidonic acid peroxidation that share a common lipid radical intermediate, with IsoF being preferen-
tially generated under higher oxygen conditions.*> Our combined OS measure that examines the mean of IsoP and IsoF
measures provides a robust index of systemic OS that is less confounded by perioperative variations in oxygen delivery.*>
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This combined OS measure has been associated with multiple clinically meaningful postoperative morbidities and organ
35,46

injuries, strengthening confidence that the OS signal captured in this study reflects biologically-relevant processes
rather than measurement artifact.

Although exploratory and requiring replication, these findings address the substantial unmet clinical need for reducing
chronic pain risk following TKA. Extrapolating current incidence estimates suggests that approximately 150,000 patients
undergoing TKA in the United States each year may experience chronic post-TKA pain, and in the current cohort, 22% of
patients experienced clinically meaningful postoperative pain at six months.*® Post-operative pain trajectories predict risk for
readmissions and emergency room visits.*” Meanwhile, patients undergoing TKAs are typically older adults, in whom pain
management can be challenging, given the higher likelihood for comorbidities and polypharmacy. Despite this clinical and
economic burden, there are currently no proven clinical interventions to reliably reduce CPSP risk following TKA. In this
context, our results highlight preoperative OS and inflammatory burden as potential mechanistic targets for future investiga-
tion, and motivate future studies examining the potential impact of mechanism-based perioperative interventions on pain and
functional outcomes. More broadly, this work highlights the future role of precision-medicine frameworks that use biomarkers
to stratify risk and inform tailored, preventative perioperative strategies to reduce risk for the most vulnerable patients.

Several limitations should be considered when interpreting these findings. First, the modest sample size and
exploratory nature of the analysis underscore the need for replication in larger cohorts; findings should therefore be
interpreted as hypothesis-generating rather than confirmatory. Because cytokine assays were added after study initiation,
only a subset of the original cohort had complete cytokine data available for the present analyses, which may have
introduced selection bias. Post hoc power analyses indicated 59—74% power to detect the observed interaction effect
sizes, suggesting that the study may have been underpowered for detecting small-to-moderate interaction effects,
although it retained sufficient power to detect some cytokine X oxidative stress effects. Finally, given the number of
interaction tests conducted across cytokine—outcome combinations, no individual interaction survived Benjamini-
Hochberg FDR correction (Supplementary Table S1). Findings should therefore be interpreted cautiously as hypothesis-

generating, with emphasis placed on effect sizes and the consistency of patterns across outcomes rather than on
individual p-values. Covariate selection was based on the parent study to maintain consistency and avoid overfitting
given the sample size; additional confounders such as preoperative opioid use, comorbidity burden, psychological
factors, and anti-inflammatory medication use were not included and may have influenced the observed associations.
Additionally, the ratio of predictors to observations (approximately 7:1) raises the possibility of overfitting, though the
a priori selection of covariates and consistency of findings across cytokine moderators partially mitigate this concern.

Second, this study was restricted to patients undergoing TKA for osteoarthritis, which may limit generalizability to
other surgical populations, procedures with different inflammatory or ischemic profiles, or patients with non-
osteoarthritic pain conditions. The sample was also predominantly White and non-Hispanic and exclusively age 55
years or older, precluding evaluation of racial, ethnic and age-related differences in inflammatory or OS pathways that
may influence postoperative pain vulnerability. Finally, intraoperative OS was assessed at multiple intraoperative time
points and combined into a single composite measure, whereas inflammatory cytokines were analyzed only at baseline;
as a result, these analyses do not provide insight into longitudinal postoperative changes in cytokine levels or their impact
on chronic pain risk.

In summary, these findings suggest that interactions between intraoperative OS and baseline inflammatory biology
may contribute to heterogeneity in long-term pain outcomes following TKA. By emphasizing biological context rather
than uniform risk, this work is consistent with a precision-medicine approach to understanding post-TKA chronic pain
risk and management. Our results motivate future studies aimed at developing and testing mechanism-based, individually
tailored interventions—such as strategies targeting inflammatory and OS pathways—to possibly prevent poor post-
operative pain outcomes and to prevent avoidable healthcare utilization following TKA.
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