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ARTICLE INFO ABSTRACT
Keywords: Background: Exercise is a well-established treatment for chronic low back pain (LBP), yet its effects on inflam-
Exercise training mation remain unclear.

Physical activity
Jogging

Interval training
Inflammation

Objective: Examine the effects of running on inflammatory markers in chronic LBP and its associations with pain
intensity, and mental health as an a priori secondary analysis.

Methods: An a priori secondary analysis of a 12-week, two-arm, parallel-group randomised controlled trial was
conducted. Forty adults with chronic LBP were randomised to a run-walk program or waitlist control. The
intervention was a digitally delivered, remotely supervised run-walk program, prescribed three times per week
for 30 min. Outcomes assessed included systemic inflammatory markers (C-reactive protein [CRP], interleukin-8
[IL-8], and tumour necrosis factor alpha [TNF-a] as well as pain intensity (Visual Analogue Scale), and mental
health (21-item Depression, Anxiety, and Stress Scale).

Results: No significant between-group differences were observed in CRP (8 [95% CI] = 0.34 [-0.07, 0.74] (log-
transformed scale), p = 0.109), TNF-a (—1.29 [-6.15, 3.58] pg/mL, p = 0.595), or IL-8 (—0.36 [-1.30, 0.58] (log-
transformed scale), p = 0.443) over the 12 weeks. The associations between changes in inflammatory markers
and pain intensity or mental health were not different between groups (all p > 0.05).

Conclusions: A 12-week run-walk training did not alter systemic CRP, TNF-a, or IL-8 in adults with chronic LBP.
Improvements in pain intensity were not associated with changes in these inflammatory markers. Clinically, this
intervention offers a low-cost and accessible approach that provides meaningful improvements in chronic LBP
without observed changes in systemic CRP, IL-8, and TNF-a.

1. Introduction inflammation may drive this transition (Morris et al., 2020) by height-
ening sensitivity in both central (e.g., dorsal horn of the spinal cord)

Low back pain (LBP) progresses from acute to chronic (pain >12 (Kawasaki et al., 2008) and peripheral (e.g., hyperexcitability of noci-
weeks) in up to 32% of cases (Stevans et al., 2021), leading to consid- ceptors) nociceptive pathways (Fang et al., 2023). Key inflammatory
erable personal and societal burden (Ferreira et al., 2023). Systemic markers elevated in chronic LBP include C-reactive protein (CRP),

* Corresponding author. Eastern Health Emergency Medicine Program, Box Hill Hospital, 8 Arnold Street, Box Hill VIC, 3128, Australia.
E-mail address: patrick.owen@easternhealth.org.au (P.J. Owen).

https://doi.org/10.1016/j.msksp.2026.103539
Received 17 January 2026; Received in revised form 27 February 2026; Accepted 3 March 2026

Available online 3 March 2026
2468-7812/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-3924-9375
https://orcid.org/0000-0003-3924-9375
mailto:patrick.owen@easternhealth.org.au
www.sciencedirect.com/science/journal/24687812
https://www.elsevier.com/locate/msksp
https://doi.org/10.1016/j.msksp.2026.103539
https://doi.org/10.1016/j.msksp.2026.103539
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msksp.2026.103539&domain=pdf
http://creativecommons.org/licenses/by/4.0/

R. Gollan et al.

tumour necrosis factor-alpha (TNF-a), and interleukin-8 (IL-8) (Morris
et al., 2020; Puerto Valencia et al., 2024). IL-8 was selected because it is
associated with pain persistence, highlighting its relevance as a potential
therapeutic target in chronic LBP (Dhahri et al., 2025; Krock et al., 2019;
Slouma et al., 2023). Although chronic LBP is defined by symptom
duration, systemic markers of acute inflammation remain relevant, as
they may capture low-grade immune activity influencing pain intensity,
neuroimmune interactions, and responsiveness to exercise interventions
(Alonso-Sal et al., 2024; Morris et al., 2020). Importantly, inflammatory
processes can occur at both systemic and local levels (Li et al., 2021).
Systemic inflammation reflects circulating immune activity measurable
in whole blood. In contrast, local inflammation involves immune re-
sponses confined to a specific tissue (e.g., intervertebral disc) that may
not be captured by systemic inflammatory biomarkers (Hiyama et al.,
2022).

Elevated systemic inflammation often co-occurs with poor mental
health in LBP (Beurel et al., 2020; Klyne et al., 2017; Wang et al., 2010),
suggesting potential bi-directional interactions between the central
nervous and immune systems. These interactions, referred to as neuro-
immune mechanisms, have also been proposed as a potential driver of
chronic pain development (Hore and Denk, 2019). Identifying in-
terventions that reduce systemic inflammation may therefore be crucial
for preventing or alleviating chronic LBP.

Exercise training is a first-line treatment for chronic LBP, effectively
reducing pain intensity and enhancing mental health (Owen et al.,
2020). Running, in particular, was associated with a low prevalence of
LBP and may serve as a protective factor against the onset of LBP
(Maselli et al., 2020, 2021). One proposed mechanism underlying these
therapeutic effects is the modulation of systemic inflammation by
reducing pro-inflammatory cytokines (Cheng et al., 2015; Ni et al.,
2025; Zheng et al., 2019), decreasing central sensitisation (Chen et al.,
2024), and improving regulation of pain and mood via neuroimmune
interactions (Eyre and Baune, 2012; Hore and Denk, 2019). Despite
these mechanistic hypotheses, few studies have directly examined
exercise-induced changes in inflammation in chronic LBP. A recent
systematic review found no randomised controlled trials (RCTs) meeting
inclusion criteria that investigated the effects of exercise training on
inflammatory markers in LBP, highlighting a critical area for future
research (Alonso-Sal et al., 2024).

The only two RCTs we identified (Nambi et al., 2020; Oghumu et al.,
2023) compared strength training interventions but lacked a true con-
trol group. Nambi et al. (2020) observed that isokinetic trunk training
led to greater reductions in CRP, TNF-q, IL-2, IL-4, and IL-6 compared to
core stabilisation training. However, the results were inconsistently re-
ported across the article and were therefore evaluated as not reliable by
Puerto Valencia et al. (2024). In contrast, Oghumu et al. (2023) reported
no changes in IL-1a, IL-18 receptor 1, IL-18 receptor accessory protein,
and cyclooxygenase-2, while IL-6 increased. No study has yet examined
aerobic exercise training effects on inflammatory markers in chronic
LBP. Existing research has instead focused on acute LBP (Al-Obaidi and
Mahmoud, 2014; Cheng et al., 2015; Kim et al., 2008) or on other
clinical (e.g., cardiovascular diseases, type 2 diabetes) and healthy
populations (Fedewa et al., 2017). While these studies suggest that ex-
ercise training may exert anti-inflammatory effects, it remains unclear
whether such effects also occur in chronic LBP and whether changes in
inflammatory markers correlate with pain intensity and mental health,
as proposed by neuroimmune models (Eyre and Baune, 2012; Hore and
Denk, 2019). Clarifying whether exercise training elicits inflammatory
responses in chronic LBP may help elucidate underlying mechanisms,
inform the development of more targeted exercise interventions, and
provide practitioners with reassurance regarding the safety and effec-
tiveness of exercise prescription.

Therefore, our aim was to examine the effects of a 12-week run-walk
interval program compared to a waitlist control on CRP, TNFa, and IL-8
in adults with non-specific chronic LBP. We hypothesised that the run-
walk interval program would reduce levels of these inflammatory
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markers relative to the control group. The secondary aim was to deter-
mine whether the intervention modified the associations between
changes in inflammatory markers and changes in pain intensity or
mental health, with the hypothesis that reductions in inflammatory
markers would be associated with improvements in pain intensity and
mental health outcomes.

2. Methods
2.1. Trial design

A pre-planned secondary analysis of a 12-week two-arm parallel
individual randomised (1:1) controlled trial examining the effects of a
running (progressive run-walk interval exercise training) intervention
compared to waitlist control on CRP, TNF-q, and IL-8 in adults with non-
specific chronic LBP was conducted. The primary outcomes of the
original trial were pain intensity, disability, and intervertebral disc
health (Tagliaferri et al., 2023), while systemic inflammatory markers
were a priori secondary outcomes. As a secondary analysis, the study
was not specifically powered to detect changes in inflammatory
markers, which warrants consideration when interpreting the findings.
The trial was pre-registered with the Australian New Zealand Clinical
Trials Registry (ACTRN12622001276741). The full study protocol has
been published (Tagliaferri et al., 2023), along with the primary out-
comes of pain intensity and disability (Neason et al., 2025). Data were
collected at pathology collection centres (Melbourne Pathology, Mel-
bourne, Australia) and using REDCap electronic data capture tools
(Harris et al., 2009, 2019). Assessments were conducted at baseline and
at 12-week follow-up. Ethical approval was obtained from the primary
institution sponsoring the trial, and all participants provided written
informed consent prior to enrolment. The trial adhered to the Consoli-
dated Standards of Reporting Trials Statement (Supplementary File 1)
(Schulz et al., 2010).

2.2. Participants

Web-based advertisements were used to recruit participants from the
Melbourne metropolitan area. Individuals aged between 18 and 45 years
with non-specific chronic LBP (>12 weeks; experienced on most days in
an average week; with or without leg pain) were eligible. All interested
participants who registered via the study website underwent a struc-
tured telephone screening with a member of the research team to assess
eligibility and rule out potential red flags or serious clinical conditions.
Exclusion criteria relevant to the current study were: (a) history of spinal
surgery, spine trauma (e.g., fracture or motor vehicle accident), cauda
equina symptoms, known structural scoliosis requiring surgical consul-
tation, symptomatic radiculopathy (diagnosed via medical professional
or leg pain greater than back pain), inflammatory spondyloar-
thropathies, or non-musculoskeletal causes of LBP (e.g., infection and
visceral pain), (b) inability to communicate in English, (c) pregnancy,
lactating or <1 year postpartum (d) current or prior elite athletes i.e.
member of Australian Institute of Sport, State Institutes or Academies of
Sport or the national squad of any sport) (Gulliver et al., 2015), (e)
participation in running or sport that involves running in the last three
months (>1 session per month), (f) having experienced a lower limb
injury in the last six weeks, (g) any absolute contraindications for ex-
ercise training or deemed higher risk of adverse event due to physical
activity per the Adult Pre-Exercise Screening System (Norton and Nor-
ton, 2011), and (h) unable to access and use a smartphone with a cellular
internet connection.

2.3. Interventions
2.3.1. Run-walk intervals

A full description of the run-walk interval program was published
elsewhere (Tagliaferri et al., 2023). In short, three 30-min run-walk
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interval sessions per week were prescribed over a 12-week period.
Running intervals were interspersed with walking (active rest periods)
and participants had the option to increase their running intervals each
week. The intervals started with 15 s of running and 120 s of walking in
stage 1 and progressed to 180 s of running and 15 s of walking in stage
13. The training sessions were prescribed and remotely supervised by an
accredited exercise physiologist from the research group via weekly
(weeks 1-4) and fortnightly (weeks 6-12) 10-15 min video consultations
(Zoom Video Communications, California, United States of America).
Participants completed the training sessions, which included an optional
5-min mobility warm-up, independently in the local communities.
During the running intervals, participants were instructed to run at a
slow to moderate pace (maximum of 10 km/h). Exercise intensity was
prescribed using subjective pace and progressive interval durations but
was not objectively monitored using heart rate or other physiological
measures. In addition to the intervention, participants were permitted to
manage their LBP as usual (e.g., general practitioner care or
over-the-counter medication) and to engage in other physical activities
as desired.

2.3.2. Waitlist control

Participants randomised to waitlist control were instructed to
continue managing their LBP as usual, such as following the general
practitioner advice and/or over-the-counter analgesic pharmaco-
therapy, and to not to commence a running program. No further re-
strictions on physical activity were applied. After completion of the
study, control participants were offered the same run-walk interval
program, and one-on-one consultations provided to the intervention
group.

2.4. Outcomes

2.4.1. Inflammatory markers

Fasted morning (08:00-10:00) venous blood samples were collected
at Melbourne Pathology within seven days prior to baseline assessments
and between three to seven days after the final run-walk session. Blood
samples were centrifuged at 3000 rpm for 10 min at 4 °C to separate
serum and plasma. Serum high-sensitivity CRP was analysed by Mel-
bourne Pathology using the Cardiac CRP (Latex) High Sensitive assay
(Roche Diagnostics, Mannheim, Germany) on Roche/Hitachi cobas ¢
analysers, following the instructions of the manufacturer. The remaining
serum was initially stored at —70 °C and later transported to Deakin
University, where it was stored at —80 °C until analysis. Bio-Plex Pro
Human Cytokine Assays (Bio-Rad, Hercules, CA, United States of
America) were used to measure TNF-a and IL-8, as per recommendations
by the manufacturer. Samples were analysed in duplicate in a single
batch. Analyses recorded an intra-assay % coefficient of variation (%CV)
of <10% and inter-assay %CV of <34%. Values below the detection
threshold were imputed using the detection limit divided by two method
(Handelsman and Ly, 2019).

2.4.2. Pain intensity

LBP intensity was assessed using a visual analogue scale (VAS)
ranging from O to 100 points (0 representing “no pain” and 100 repre-
senting “worst pain imaginable”). The test-retest reliability of the VAS is
reported as excellent (intraclass correlation coefficient [ICC] = 0.90) in
individuals with LBP (Chiarotto et al., 2019).

2.4.3. Mental health

Symptoms of depression, anxiety, and stress over the past week were
measured using the Depression Anxiety and Stress Scale 21 (DASS-21)
(Lovibond and Lovibond, 1995). This self-report questionnaire com-
prises 21 items, with seven items allocated to each subscale of depres-
sion, anxiety, and stress. Items are rated on a 4-point Likert scale ranging
from O (never) to 3 (almost always), with higher scores indicating
greater severity of depression, anxiety and stress. Subscale scores were

Musculoskeletal Science and Practice 83 (2026) 103539

summed separately and then multiplied by two to obtain final scores for
each domain. The reliability (internal consistency) of the DASS-21 was
found to be excellent (x = 0.93) in a non-clinical adult population
(Henry and Crawford, 2005).

2.5. Sample size

A total of 40 participants (20 per group) were recruited. The sample
size was determined using the G*Power program (V.3.1.9.7)(Faul et al.,
2007) based on calculations designed to detect the smallest effect size of
interest for between-group differences in the primary study outcomes of
pain intensity, disability, and intervertebral disc T2, as reported previ-
ously (Tagliaferri et al., 2023).

2.6. Randomisation

Participants were randomly allocated in a 1:1 ratio to either the run-
walk interval group or waitlist control group using block randomisation
with random block lengths (ranging from 2 to 6) and stratification by
sex. The randomisation sequence was generated using the ‘blockrand’
package in R (V.4.1.2; The R Foundation, Vienna, Austria) (Snow,
2022). An author with no contact with participants (SDT) implemented
the allocation process using sequentially numbered, opaque, sealed
envelopes to ensure allocation concealment.

2.7. Blinding

Due to the nature of the intervention, blinding of participants and
group members administering the intervention was not feasible. To
minimise bias in outcome assessment, however, blood samples for in-
flammatory markers were collected by a phlebotomist blinded to group
allocation. Likewise, the biomedical researcher responsible for ana-
lysing the samples remained blinded to group allocation.

2.8. Statistical methods

Statistical analyses were conducted using RStudio (version
2025.5.1.513) (Posit team, 2025). Linear mixed-effects models were
used to evaluate changes in CRP, TNF-a, and IL-8 over time and between
groups, accounting for repeated measurements within individuals by
including a random intercept for participant ID. Model residuals were
assessed for normality using Q-Q plots and the Shapiro-Wilk test. Due to
violations of normality assumptions, CRP and IL-8 were log-transformed
prior to analysis. Results from transformed models were
back-transformed to the original scale for interpretability. All analyses
were conducted according to the intention-to-treat principle, and linear
mixed-effects models were estimated using restricted maximum likeli-
hood (Horton and Kleinman, 2007).

To examine whether the intervention influenced the relationships
between inflammatory markers, pain intensity, and mental health, we
calculated change scores (A) for each participant by subtracting baseline
values from 12-week values for inflammatory markers (CRP, IL-8, TNF-
o) and outcome measures (pain intensity; depression, anxiety, and stress
subscores of the DASS-21). Pearson correlations were computed sepa-
rately for the intervention and control groups to quantify the association
between Ainflammatory markers and Aoutcomes. Between-group dif-
ferences in correlations were tested using Fisher's r-to-z transformation
for independent samples. Correlation coefficients were interpreted as
weak (0.10-0.39), moderate (0.40-0.69), strong (0.70-0.89), and very
strong (0.90-1.0) (Schober et al., 2018).

3. Results
3.1. Participants

A total of 155 individuals were screened for eligibility (Fig. 1).
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Enrolment

Assessed for eligibility (n=155)

Excluded (n=115)

+Regular running in last 3 months (n=31)

+Acute or non-persistent LBP (n=18)

+>45 years old (n=17)

+Prior spine surgery, trauma or radiculopathy (n=14)
+Lower limb injury (n=5)

+Contra-indicated for exercise (n=4)

+Past elite athlete (n=3)

+Contraindicated for MRI (n=2)

+Declined to participate (n=21)

Randomised (n=40)

|

Run-walk intervention (n=20)

Lost to follow-up (n=0)
Discontinued intervention (n=0)

v Allocation

\ 4 H
- Follow-up

Analysis v
L J

Control (n=20)

Lost to follow-up (n=0)

Analysed (n=20)
Did not complete 12-week follow up (n=1)

Analysed (n=20)
Did not complete 12-week follow up (n=3)

Fig. 1. Participant flow diagram. LBP, Low back pain.

Following randomisation, 20 participants were allocated to the run-walk
intervention and 20 participants to the control group. No participants
dropped out of the study, and all participants were analysed per the
intention-to-treat approach. Blood samples from three control partici-
pants and one intervention participant were missing at week 12. The
trial was conducted from December 2022 to May 2023 and concluded
when the final participants completed the 12-week follow-up assess-
ment. Descriptive baseline characteristics of the participants are pre-
sented in Table 1.

3.2. Adherence

Participants demonstrated a mean (SD) training adherence of 70.4%

Table 1
Baseline characteristics of participants.

Intervention (n = 20)

Control (n = 20)

Age, years 33.6 (5.3) 32.2(7.0)
Female, n (%) 10 (50) 10 (50)
Pain intensity, 30.8 (23.3) 40.1 (20.9)
Visual Analogue Scale (0-100)
Body mass index, kg/m? 29.6 (6.9) 29.0 (7.5)
Smoking status, n (%)
Current 2(10) 0 (0)
Former 1(5) 3(15)
Never smoked 17 (85) 17 (85)

Data are mean (SD) or count (percentage within group).

(20.4%), equivalent to two of the three prescribed training sessions per
week. Mean running speed was 9.5 (1.8) km per hour, and running
distance per session (excluding walking) averaged 2.0 (1.2) km,
increasing from 1.1 (0.4) km in week 1 to 2.7 (1.6) km in week 12.

3.3. Inflammatory markers

Changes in CRP, TNF-a and IL-8 are presented in Table 2. No sig-
nificant between-group differences were detected for any of the in-
flammatory markers over the 12-week period. Within the control group,
CRP levels showed a statistically significant 32% reduction from base-
line to 12 weeks. No significant within-group changes were observed for
IL-8 or TNF-« in either group.

3.4. Correlations between inflammatory markers, pain intensity, and
mental health

Change-score correlations between inflammatory markers and pain
intensity or mental health were calculated separately for the interven-
tion and control groups (Table 3). No between-group differences in
correlations were measured. Overall, correlations were weak to mod-
erate in magnitude.

3.5. Harms

As reported in detail elsewhere (Neason et al.,, 2025), nine
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Table 2
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Changes in inflammatory markers after run-walking intervals compared to waitlist from baseline to 12 weeks.

Variable Intervention (n = 20) Control (n = 20) Group-by-time
Mean (SD) EMM (SE) A Mean (95% CI) P Mean (SD) EMM (SE) A Mean (95% CI) P B (95% CI) P
CRP
Baseline  1.65 (2.16) 1.18 (0.29)* 6.75 (10.08) 2.59 (0.64)7
mg/L mg/L
12- 1.55(1.93) 1.12 (0.28)f 0.95 (0.71, 1.26)* 0.694 3.12 (4.21) 1.75 (0.45)+ 0.68 (0.50, 0.013 0.34 (-0.07, 0.109
week  mg/L mg/L 0.92)" 0.74)¢
IL-8
Baseline 13.62 (14.68) 8.81 (2.09)f 8.21(3.74) pg/ 7.51 (1.83)+
pg/mL mL
12- 20.60 (45.06) 6.88 (1.68)7 0.78 (0.41, 1.50) " 0.448  16.59 (20.19) 8.42 (2.18)7 1.12 (0.57, 0.738 —0.36 (—1.30, 0.443
week pg/mL pg/mL 2.22)" 0.58)¢
TNF-a
Baseline  16.19 (13.65) 16.19 (2.48) 12.80 (7.24) 12.80 (2.55)
pg/mL pg/mL pg/mL pg/mL
12- 15.40 (11.95) 14.92 (2.51) —1.27 (—4.62, 0.446 13.21 (10.51) 12.82 (2.60) 0.01 (—3.52, 0.994 —1.29 (-6.15, 0.595
week pg/mL pg/mL 2.08) pg/mL pg/mL pg/mL 3.55) pg/mL 3.58) pg/mL

Data are sample size, observed mean (SD), estimated marginal mean (EMM) (SE), within-group mean change from baseline (95% CI), within-group p-value, group-by-
time P coefficient (95% CI) and group-by-time p-value from linear mixed models.t Estimated marginal means (SE) and change scores (A Mean, 95% CI) were log-
transformed for statistical analysis and back-transformed to the original scale. The A mean of back-transformed values represents a multiplicative factor for inter-
pretability (value < 1 indicates a decrease, while a value > 1 indicates an increase relative to baseline). €p (95% CI) was log-transformed for statistical analysis. CRP,

C-reactive protein; IL-8, interleukin-8; TNF-o, Tumour necrosis factor-a.

Table 3
Change-score correlations between biomarkers and outcomes by group.

Biomarker Outcome r Intervention r Control P
CRP Anxiety (DASS-21) —0.05 0.05 0.781
CRP Depression (DASS-21) 0.06 0.27 0.543
CRP Stress (DASS-21) —0.23 0.28 0.142
CRP Pain intensity (VAS) —0.21 0.42 0.0663
IL-8 Anxiety (DASS-21) —-0.22 —0.41 0.561
IL-8 Depression (DASS-21) 0.10 0.01 0.803
IL-8 Stress (DASS-21) 0.05 —0.14 0.592
IL-8 Pain intensity (VAS) 0.14 0.08 0.863
TNF-o Anxiety (DASS-21) 0.01 —0.09 0.787
TNF-a Depression (DASS-21) 0.00 —0.01 0.964
TNF-a Stress (DASS-21) 0.04 —-0.34 0.287
TNF-a Pain intensity (VAS) 0.29 0.11 0.626

Data are correlation coefficients (r) and p values. CRP, C-reactive protein; IL-8,
interleukin-8; TNF-a, Tumour necrosis factor-o; DASS-21, Depression, Anxiety,
and Stress Scale-21.

non-serious, study-related adverse events occurred in the intervention
group, including seven lower limb injuries, one cardiac syncope related
to a pre-existing condition, and one exacerbation of LBP. These events
resulted in 20 missed training sessions, with all but one participant
resuming the run-walk interval program within a week.

4. Discussion

This study is the first to investigate the effects of a run-walk interval
training program on inflammatory markers in adults with non-specific
chronic LBP. We found that (1) the run-walk interval program did not
produce between-group changes in CRP, TNF-a, or IL-8 compared to
waitlist control; and (2) the associations between changes in inflam-
matory markers and changes in pain intensity or mental health did not
differ between the intervention and control groups.

We observed no significant within-group or between-group changes
in TNF-a or IL-8 following the 12-week run-walk intervention. For CRP,
a reduction was observed in the control group, whereas no change
occurred in the intervention group. However, the absence of a group-by-
time interaction indicates that the run-walk intervention did not result
in greater reductions in CRP compared with the control condition. The
decrease in CRP observed among controls may be attributable to their
higher baseline CRP levels, consistent with regression to the mean.
Overall, these findings suggest that the program did not induce a

detectable systemic inflammatory response in the markers assessed.

To date, no studies have specifically examined the effects of running
or aerobic exercise on inflammation in chronic LBP. Therefore, our
findings can only be compared with two RCTs that investigated strength-
based exercise interventions in this population (Nambi et al., 2020;
Oghumu et al., 2023). Nambi et al. (2020) reported reductions in CRP,
TNF-a, IL-2, IL-4, and IL-6 following four weeks of high-frequency iso-
kinetic trunk training. However, units of measurement were not re-
ported, and results were inconsistently presented, leading Puerto
Valencia et al. (2024) to evaluate the study as not reliable. In contrast,
Oghumu et al. (2023) found no change in several inflammatory markers
not assessed in our trial (IL-1a, IL-18 receptor 1, IL-18 receptor accessory
protein, and cyclooxygenase-2), whereas IL-6 increased following both
lumbar stabilisation and graded activity training over ten weeks. Taken
together, the absence of prior evidence and the findings of the present
study suggest that a run-walk interval training does not alter systemic
CRP, TNF-q, or IL-8 in adults with chronic LBP.

Importantly, the characteristics of the intervention should be
considered when interpreting these findings (Cerqueira et al., 2020;
Rose et al., 2021). The program was delivered over 12 weeks, with
participants completing on average two of the three prescribed 30-min
sessions per week at a mean (SD) running speed of 9.5 (1.8) km/h,
corresponding to a slow-to-moderate intensity and an average running
distance (excluding walking) of 2.0 (1.2) km per session (Neason et al.,
2025). It therefore remains possible that running interventions of longer
duration, higher frequency, or greater intensity or other types of exercise
(e.g., strength training) may elicit different inflammatory responses in
individuals with chronic LBP (Cerqueira et al., 2020).

No study to date has examined whether changes in inflammatory
markers coincides with improvements in pain intensity in chronic LBP or
mental health following exercise training. Therefore, we examined
whether the associations between changes in inflammatory markers
(CRP, TNF-0, or IL-8) and changes in pain intensity or mental health
differed between groups as a secondary aim. No significant correlations
were found, indicating that the run-walk interval training did not alter
these associations. This result likely reflects the non-significant impact
of the run-walk interval program on inflammatory markers, conse-
quently limiting our ability to assess changes in its associations with
pain intensity or mental health.

Overall, these null results are particularly noteworthy, as they
demonstrate that a clinically meaningful improvement in pain intensity
in individuals with chronic LBP, as measured in the primary analysis of
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this study (Neason et al., 2025), does not occur in parallel with changes
in CRP, TNF-a, or IL-8. Consequently, while the run-walk interval
training produced clinically meaningful short-term improvements in
pain intensity, these changes do not appear to be mediated by resting
systemic levels of CRP, TNF-a, or IL-8. Notably, this does not negate a
potential role for inflammatory processes in chronic LBP that may
operate through other mechanisms, tissues, or temporal dynamics not
captured by the present biomarker assessment, as discussed in the
following section (Brown et al., 2018; Hiyama et al., 2022; Sluka et al.,
2018). From a clinical perspective, these results provide reassurance
that a 12-week low-intensity run-walk interval training can provide
meaningful pain relief in chronic LBP (Neason et al., 2025) without the
need to elicit or target measurable responses of the biomarkers assessed.
Clinicians may safely introduce an individualised, guided, and conser-
vative run-walk programme, beginning with short running intervals and
gradually increasing duration and intensity, to allow physiological
adaptation while minimising the risk of symptom exacerbation. Specific
details on programme structure, feasibility, and adherence can be found
in the original trial report (Neason et al., 2025). This underscores the
intervention's feasibility, accessibility, and low-cost, highlighting its
value as a therapeutic strategy based on symptomatic benefits rather
than biomarker modification (Neason et al., 2025). Importantly, this
does not preclude a role for inflammation in the pathophysiology of
chronic LBP as discussed in the following paragraph.

Several possible explanations may account for the absence of
detectable changes in inflammatory markers despite improvements in
pain intensity. Specifically, inflammatory processes relevant to chronic
LBP may be relatively stable over time (Chang et al., 2023), temporally
dissociated from short-to medium-term changes in pain intensity
(DeVon et al., 2014), or inadequately captured by the biomarkers
measured in this study. Supporting this, a longitudinal study observed
no significant change in CRP, TNF-a, or IL-8 over 6-months in in-
dividuals with acute LBP, even when symptoms improved or persisted
(Chang et al., 2023). The timing of biomarker assessment may also have
influenced results (Brown et al., 2018). Blood samples were collected
three to seven days after the final exercise session, which may have
missed transient or acute post-exercise inflammatory responses that
typically occur within hours to days following exercise and resolve
rapidly thereafter (Brown et al., 2018). As a result, short-lived fluctua-
tions in cytokine concentrations induced by the training sessions may
not have been captured by the present sampling schedule. Our sampling
strategy was chosen to avoid capturing acute fluctuations and instead
assess chronic adaptations. However, this approach limits our ability to
comment on short-term inflammatory dynamics that may still be rele-
vant to pain modulation or training adaptation. Furthermore, systemic
cytokine concentrations may not reflect local inflammatory activity
within spinal or paraspinal tissues (Hiyama et al., 2022). Alternatively,
exercise-induced adaptations may occur at the level of inflammatory
receptor sensitivity (Favere et al., 2021), intracellular signalling path-
ways (Walzik et al., 2024), or immune cell phenotypes (Brauer et al.,
2021; Meyer-Lindemann et al., 2023), rather than through changes in
systemic inflammation. Such mechanisms would not be detected using
the present biomarker panel but may nonetheless influence pain pro-
cessing and recovery (Sluka et al., 2018). In addition, resistance training
may exert its analgetic effect through non-inflammatory mechanisms (e.
g., activation of endogenous pain-modulation systems including
enhanced descending inhibition (Murtezani et al., 2011), engagement of
opioid and serotonergic pathways (Ma and Mumtaz, 2025), improve-
ments in neuromuscular control (Maurus et al., 2019), reductions in
kinesiophobia, maladaptive pain-related behaviours or increasing pain
self-efficacy (Powell et al., 2025). While much of the mechanistic evi-
dence derives from studies in healthy individuals or mixed chronic pain
populations, research in chronic LBP supports these mechanisms
(Blanco-Giménez et al., 2024; Farragher et al., 2024). For example, RCTs
found improvements in pain sensitisation, kinesiophobia, catastrophis-
ing, and self-efficacy after 12 weeks of strength training in a chronic LBP
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sample (Blanco-Giménez et al., 2024; Farragher et al., 2024), and evi-
dence from exercise-based interventions suggests that exercises can
enhance muscle morphology, reflecting structural and motor control
adaptations that may contribute to clinical improvements (Pillastrini
et al., 2015). Future studies may address these considerations by using
repeated, temporally sensitive biomarker assessments, incorporating
measures of local inflammatory activity, and exploring alternative bio-
logical mechanisms beyond systemic inflammation to better elucidate
how exercise training influences pain intensity in chronic LBP.

4.1. Strengths and limitations

Strengths of this study are its rigorous randomised controlled design,
use of validated outcome measures, low attrition rate, and investigation
of an intervention that is feasible at the population level due to its
accessibility, low costs and non-reliance on specialised equipment.
However, several limitations must be acknowledged. First, this study
was an a priori secondary analysis, and the original sample size was not
calculated for inflammatory marker outcomes, which may have limited
the statistical power to detect small effects. Given the modest sample
size, statistical analyses were considered exploratory and warrants
replication in larger samples, ideally those a priori designed to investi-
gate the relationships between inflammatory markers, pain intensity,
and mental health. Second, the run-walk interval program did not
include objective measures of training intensity (e.g., heart rate or other
physiological measures) or control for concurrent physical activity
outside the intervention, limiting certainty regarding the precise dosing
of the intervention. Consequently, inter-individual variability in exer-
cise intensity may have resulted in heterogeneous physiological loading,
such that some participants may not have reached an intensity threshold
required to elicit measurable systemic inflammatory adaptations. In
contrast, others may have experienced greater physiological stress,
thereby influencing cytokine responses. Third, while we focused on
three relevant inflammatory markers in chronic LBP, a broader panel of
cytokines (e.g., IL-6, IL-10, IL-1p) may provide a more comprehensive
picture of immune activity. Fourth, unmeasured factors such as diet or
medication use may have influenced inflammatory markers (Koop et al.,
2021). Lastly, given the study sample consisted of young and
middle-aged adults (mean [SD] age 32.8 [6.2] years), the findings may
not be generalisable to older populations.

4.2. Conclusions

The run-walk interval program did not elicit a measurable systemic
inflammatory response in CRP, IL-8, and TNF-a compared to waitlist
control in adults with non-specific chronic LBP, nor did it alter the as-
sociations between these inflammatory markers with changes in pain
intensity or mental health. These findings suggest that clinically mean-
ingful improvements in pain may occur independently of the specific
systemic inflammatory markers assessed at the exercise training dose
studied. Overall, this study provides evidence supporting the inflam-
matory safety of low-intensity running with respect to CRP, IL-8, and
TNF-a in chronic LBP, and highlights its potential as an accessible, low-
cost intervention capable of delivering meaningful clinical benefits
without necessarily altering the systemic biomarkers measured.

CRediT authorship contribution statement

Romina Gollan: Writing - original draft, Visualization, Software,
Methodology, Investigation, Formal analysis. Luana C. Main: Writing —
review & editing, Supervision, Resources, Methodology, Investigation,
Funding acquisition. Jamie L. Tait: Writing — review & editing, Su-
pervision, Methodology, Funding acquisition, Data curation. Claire L.
Samanna: Writing — review & editing, Project administration, Data
curation. Christopher Neason: Writing — review & editing, Project
administration, Data curation. Daniel L. Belavy: Writing — review &



R. Gollan et al.

editing, Methodology, Funding acquisition, Conceptualization.
Matthew J. Clarkson: Writing — review & editing, Methodology. Ulrike
H. Mitchell: Writing — review & editing, Methodology, Funding acqui-
sition, Conceptualization. Niamh L. Mundell: Writing — review &
editing, Methodology. Scott D. Tagliaferri: Writing — review & editing,
Project administration, Methodology, Conceptualization. Jeremy M.
Drake: Writing — review & editing, Methodology, Formal analysis.
Patrick J. Owen: Writing — review & editing, Validation, Supervision,
Resources, Project administration, Methodology, Investigation, Funding
acquisition, Conceptualization.

Ethics approval

Ethics approval was provided by the Deakin University Human
Research Ethics Committee (ID: 2022-162) on September 26, 2022.

Trial registration

Australian New Zealand Clinical Trials
ACTRN12622001276741. Registered on September 29, 2022.

Registry:

Availability of data and material

The datasets used and analysed during the current study are avail-
able from the corresponding author on reasonable request.

Funding

This work was supported by internal funding (Deakin University).
RG is supported by a Deakin University Postgraduate Research Schol-
arship. CN and CLS are supported by Australian Government Research
Training Program (RTP) Scholarships.

Conflicts of interest

The authors declare that they have no competing interests.

Acknowledgements

The authors thank the participants for taking part in the study and
the broader research team for assisting study conduct.

References

Al-Obaidi, S., Mahmoud, F., 2014. Immune responses following McKenzie lumbar spine
exercise in individuals with acute low back pain: a preliminary study. Acta Medica
Academica 43 (1). https://doi.org/10.5644/ama2006-124.96.

Alonso-Sal, A., Alonso-Perez, J.L., Sosa-Reina, M.D., Garcia-Noblejas-Fernandez, J.A.,
Balani-Balani, V.G., Rossettini, G., Villafane, J.H., 2024. Effectiveness of physical
activity in the management of nonspecific low back pain: a systematic review.
Medicina 60 (12), 2065. https://doi.org/10.3390/medicina60122065.

Beurel, E., Toups, M., Nemeroff, C.B., 2020. The bidirectional relationship of depression
and inflammation: double trouble. Neuron 107 (2), 234-256.

Blanco-Giménez, P., Vicente-Mampel, J., Gargallo, P., Baraja-Vegas, L., Bautista, I., Ros-
Bernal, F., Barrios, C., 2024. Clinical relevance of combined treatment with exercise
in patients with chronic low back pain: a randomized controlled trial. Sci. Rep. 14
(1), 17042. https://doi.org/10.1038/s41598-024-68192-2.

Brauer, L., Kriiger, K., Weyh, C., Alack, K., 2021. The effects of physical activity on the
aging of circulating immune cells in humans: a systematic review. Immuno 1 (3),
132-159. https://doi.org/10.3390/immuno1030009.

Brown, M., McClean, C.M., Davison, G.W., Brown, J.C.W., Murphy, M.H., 2018. The
acute effects of walking exercise intensity on systemic cytokines and oxidative stress.
Eur. J. Appl. Physiol. 118 (10), 2111-2120. https://doi.org/10.1007/500421-018-
3930-z.

Cerqueira, E., Marinho, D.A., Neiva, H.P., Lourengo, O., 2020. Inflammatory effects of
high and moderate intensity exercise—a systematic review. Front. Physiol. 10,
489354. https://doi.org/10.3389/fphys.2019.01550.

Chang, W.J., Jenkins, L.C., Humburg, P., Wasinger, V., Walton, D.M., Schabrun, S.M.,
2023. Systemic pro- and anti-inflammatory profiles in acute non-specific low back
pain: an exploratory longitudinal study of the relationship to six-month outcome.
PLoS One 18 (6), €0287192. https://doi.org/10.1371/journal.pone.0287192.

Musculoskeletal Science and Practice 83 (2026) 103539

Chen, K.K., Rolan, P., Hutchinson, M.R., Dickson, C., de Zoete, R.M.J., 2024. Exercise-
induced changes in central sensitization outcomes in individuals with chronic
musculoskeletal pain: a systematic review with meta-analysis. Eur. J. Pain 28 (9),
1431-1449. https://doi.org/10.1002/ejp.2277.

Cheng, Y.-Y., Kao, C.-L., Ma, H.-L., Hung, C.-H., Wang, C.-T., Liu, D.-H., Chen, P.-Y.,
Tsai, K.-L., 2015. SIRT1-related inhibition of pro-inflammatory responses and
oxidative stress are involved in the mechanism of nonspecific low back pain relief
after exercise through modulation of toll-like receptor 4. J. Biochem. 158 (4),
299-308. https://doi.org/10.1093/jb/mvv041.

Chiarotto, A., Maxwell, L.J., Ostelo, R.W., Boers, M., Tugwell, P., Terwee, C.B., 2019.
Measurement properties of visual analogue scale, numeric rating scale, and pain
severity subscale of the brief pain inventory in patients with low back pain: a
systematic review. J. Pain 20 (3), 245-263. https://doi.org/10.1016/j.
jpain.2018.07.009.

DeVon, H.A., Piano, M.R., Rosenfeld, A.G., Hoppensteadt, D.A., 2014. The association of
pain with protein inflammatory biomarkers: a review of the literature. Nurs. Res. 63
(1), 51-62. https://doi.org/10.1097/nnr.0000000000000013.

Dhahri, R., Ben Ayed, H., Dergaa, I., Ceylan, H.L, Tazaghdanti, A., Kochkar, R.,
Ghazouani, E., Fenniche, 1., Ben Ammar, L., Jebri, R., 2025. Serum Interleukin-8
levels and their association with anxiety and functional disability in military
personnel with chronic low back pain. J. Clin. Med. 14 (11), 3761. https://doi.org/
10.3390/jcm14113761.

Eyre, H., Baune, B.T., 2012. Neuroimmunological effects of physical exercise in
depression. Brain Behav. Immun. 26 (2), 251-266. https://doi.org/10.1016/j.
bbi.2011.09.015.

Fang, X.-X., Zhai, M.-N., Zhu, M., He, C., Wang, H., Wang, J., Zhang, Z.-J., 2023.
Inflammation in pathogenesis of chronic pain: foe and friend. Mol. Pain 19,
17448069231178176. https://doi.org/10.1177/17448069231178176.

Farragher, J.B., Pranata, A., Williams, G.P., El-Ansary, D., Parry, S.M., Clark, R.A.,
Mentiplay, B., Kasza, J., Crofts, S., Bryant, A.L., 2024. Neuromuscular control and
resistance training for people with chronic low back pain: a randomized controlled
trial. J. Orthop. Sports Phys. Ther. 54 (5), 350-359.

Faul, F., Erdfelder, E., Lang, A.-G., Buchner, A., 2007. G* power 3: a flexible statistical
power analysis program for the social, behavioral, and biomedical sciences. Behav.
Res. Methods 39 (2), 175-191.

Favere, K., Bosman, M., Delputte, P.L., Favoreel, H.W., Van Craenenbroeck, E.M., De
Sutter, J., Witvrouwen, 1., De Meyer, G.R.Y., Heidbuchel, H., Guns, P.D.F., 2021.

A systematic literature review on the effects of exercise on human toll-like receptor
expression. Exerc. Immunol. Rev. 27, 84-124.

Fedewa, M.V., Hathaway, E.D., Ward-Ritacco, C.L., 2017. Effect of exercise training on C
reactive protein: a systematic review and meta-analysis of randomised and non-
randomised controlled trials. Br. J. Sports Med. 51 (8), 670-676. https://doi.org/
10.1136/bjsports-2016-095999.

Ferreira, M.L., De Luca, K., Haile, L.M., Steinmetz, J.D., Culbreth, G.T., Cross, M.,
Kopec, J.A., Ferreira, P.H., Blyth, F.M., Buchbinder, R., 2023. Global, regional, and
national burden of low back pain, 1990-2020, its attributable risk factors, and
projections to 2050: a systematic analysis of the global burden of disease study 2021.
Lancet Rheumatol. 5 (6), e316-e329.

Gulliver, A., Griffiths, K.M., Mackinnon, A., Batterham, P.J., Stanimirovic, R., 2015. The
mental health of Australian elite athletes. J. Sci. Med. Sport 18 (3), 255-261. https://
doi.org/10.1016/j.jsams.2014.04.006.

Handelsman, D.J., Ly, L.P., 2019. An accurate substitution method to minimize left
censoring bias in serum steroid measurements. Endocrinology 160 (10), 2395-2400.
https://doi.org/10.1210/en.2019-00340.

Harris, P.A., Taylor, R., Thielke, R., Payne, J., Gonzalez, N., Conde, J.G., 2009. Research
electronic data capture (REDCap)—a metadata-driven methodology and workflow
process for providing translational research informatics support. J. Biomed. Inf. 42
(2), 377-381. https://doi.org/10.1016/j.jbi.2008.08.010.

Harris, P.A., Taylor, R., Minor, B.L., Elliott, V., Fernandez, M., O'Neal, L., McLeod, L.,
Delacqua, G., Delacqua, F., Kirby, J., 2019. The REDCap consortium: building an
international community of software platform partners. J. Biomed. Inf. 95, 103208.
https://doi.org/10.1016/j.jbi.2019.103208.

Henry, J.D., Crawford, J.R., 2005. The short-form version of the depression anxiety stress
scales (DASS-21): Construct validity and normative data in a large non-clinical
sample. Br. J. Clin. Psychol. 44 (2), 227-239. https://doi.org/10.1348/
014466505X29657.

Hiyama, A., Suyama, K., Sakai, D., Tanaka, M., Watanabe, M., 2022. Correlational
analysis of chemokine and inflammatory cytokine expression in the intervertebral
disc and blood in patients with lumbar disc disease. J. Orthop. Res. 40 (5),
1213-1222. https://doi.org/10.1002/jor.25136.

Hore, Z., Denk, F., 2019. Neuroimmune interactions in chronic pain-an interdisciplinary
perspective. Brain Behav. Immun. 79, 56-62. https://doi.org/10.1016/j.
bbi.2019.04.033.

Horton, N.J., Kleinman, K.P., 2007. Much ado about nothing: a comparison of missing
data methods and software to fit incomplete data regression models. Am. Statistician
61 (1), 79-90.

Kawasaki, Y., Zhang, L., Cheng, J.-K., Ji, R.-R., 2008. Cytokine mechanisms of central
sensitization: distinct and overlapping role of interleukin-1p, interleukin-6, and
tumor necrosis factor-o in regulating synaptic and neuronal activity in the superficial
spinal cord. J. Neurosci. 28 (20), 5189-5194. https://doi.org/10.1523/
JNEUROSCI.3338-07.2008.

Kim, S.K., Jung, I., Kim, J.H., 2008. Exercise reduces C-reactive protein and improves
physical function in automotive workers with low back pain. J. Occup. Rehabil. 18
(2), 218-222.


https://doi.org/10.5644/ama2006-124.96
https://doi.org/10.3390/medicina60122065
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref3
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref3
https://doi.org/10.1038/s41598-024-68192-2
https://doi.org/10.3390/immuno1030009
https://doi.org/10.1007/s00421-018-3930-z
https://doi.org/10.1007/s00421-018-3930-z
https://doi.org/10.3389/fphys.2019.01550
https://doi.org/10.1371/journal.pone.0287192
https://doi.org/10.1002/ejp.2277
https://doi.org/10.1093/jb/mvv041
https://doi.org/10.1016/j.jpain.2018.07.009
https://doi.org/10.1016/j.jpain.2018.07.009
https://doi.org/10.1097/nnr.0000000000000013
https://doi.org/10.3390/jcm14113761
https://doi.org/10.3390/jcm14113761
https://doi.org/10.1016/j.bbi.2011.09.015
https://doi.org/10.1016/j.bbi.2011.09.015
https://doi.org/10.1177/17448069231178176
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref16
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref16
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref16
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref16
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref17
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref17
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref17
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref18
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref18
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref18
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref18
https://doi.org/10.1136/bjsports-2016-095999
https://doi.org/10.1136/bjsports-2016-095999
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref20
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref20
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref20
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref20
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref20
https://doi.org/10.1016/j.jsams.2014.04.006
https://doi.org/10.1016/j.jsams.2014.04.006
https://doi.org/10.1210/en.2019-00340
https://doi.org/10.1016/j.jbi.2008.08.010
https://doi.org/10.1016/j.jbi.2019.103208
https://doi.org/10.1348/014466505X29657
https://doi.org/10.1348/014466505X29657
https://doi.org/10.1002/jor.25136
https://doi.org/10.1016/j.bbi.2019.04.033
https://doi.org/10.1016/j.bbi.2019.04.033
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref28
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref28
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref28
https://doi.org/10.1523/JNEUROSCI.3338-07.2008
https://doi.org/10.1523/JNEUROSCI.3338-07.2008
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref30
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref30
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref30

R. Gollan et al.

Klyne, D.M., Barbe, M.F., Hodges, P.W., 2017. Systemic inflammatory profiles and their
relationships with demographic, behavioural and clinical features in acute low back
pain. Brain Behav. Immun. 60, 84-92. https://doi.org/10.1016/j.bbi.2016.10.003.

Koop, M.A., Lutke Schipholt, 1.J., Scholten-Peeters, G.G.M., Coppieters, M.W., 2021.
Identifying the Most important confounders when assessing the association between
low-grade systemic inflammation and musculoskeletal pain: a modified Delphi
study. Pain Med. 22 (11), 2661-2669. https://doi.org/10.1093/pm/pnab243.

Krock, E., Millecamps, M., Anderson, K.M., Srivastava, A., Reihsen, T.E., Hari, P., Sun, Y.
R., Jang, S.H., Wilcox, G.L., Belani, K.G., 2019. Interleukin-8 as a therapeutic target
for chronic low back pain: upregulation in human cerebrospinal fluid and pre-
clinical validation with chronic reparixin in the SPARC-null mouse model.
EBioMedicine 43, 487-500. https://doi.org/10.1016/j.ebiom.2019.04.032.

Li, W., Gong, Y., Liu, J., Guo, Y., Tang, H., Qin, S., Zhao, Y., Wang, S., Xu, Z., Chen, B.,
2021. Peripheral and central pathological mechanisms of chronic low back pain: a
narrative review. J. Pain Res. 1483-1494. https://doi.org/10.2147/JPR.S306280.

Lovibond, P.F., Lovibond, S.H., 1995. The structure of negative emotional states:
comparison of the depression anxiety stress scales (DASS) with the beck depression
and anxiety inventories. Behav. Res. Ther. 33 (3), 335-343.

Ma, Y., Mumtaz, S., 2025. The long-term mental health benefits of exercise training for
physical education students: a comprehensive review of neurobiological,
psychological, and social effects. Front. Psychiatr. 16, 1678367. https://doi.org/
10.3389/fpsyt.2025.1678367.

Maselli, F., Storari, L., Barbari, V., Colombi, A., Turolla, A., Gianola, S., Rossettini, G.,
Testa, M., 2020. Prevalence and incidence of low back pain among runners: a
systematic review. BMC Muscoskelet. Disord. 21 (1), 343. https://doi.org/10.1186/
512891-020-03357-4.

Maselli, F., Esculier, J., Storari, L., Mourad, F., Rossettini, G., Barbari, V., Pennella, D.,
Cataldi, F., Viceconti, A., Geri, T., 2021. Low back pain among Italian runners: a
cross-sectional survey. Phys. Ther. Sport 48, 136-145. https://doi.org/10.1016/j.
ptsp.2020.12.023.

Maurus, 1., Hasan, A., Roh, A., Takahashi, S., Rauchmann, B., Keeser, D., Malchow, B.,
Schmitt, A., Falkai, P., 2019. Neurobiological effects of aerobic exercise, with a focus
on patients with schizophrenia. Eur. Arch. Psychiatr. Clin. Neurosci. 269 (5),
499-515. https://doi.org/10.1007/s00406-019-01025-w.

Meyer-Lindemann, U., Moggio, A., Dutsch, A., Kessler, T., Sager, H.B., 2023. The impact
of exercise on immunity, metabolism, and atherosclerosis. Int. J. Mol. Sci. 24 (4).
https://doi.org/10.3390/ijms24043394.

Morris, P., Ali, K., Merritt, M., Pelletier, J., Macedo, L.G., 2020. A systematic review of
the role of inflammatory biomarkers in acute, subacute and chronic non-specific low
back pain. BMC Muscoskelet. Disord. 21 (1), 1-12.

Murtezani, A., Hundozi, H., Orovcanec, N., Sllamniku, S., Osmani, T., 2011.

A comparison of high intensity aerobic exercise and passive modalities for the
treatment of workers with chronic low back pain: a randomized, controlled trial.
Eur. J. Phys. Rehabil. Med. 47 (3), 359-366.

Nambi, G., Abdelbasset, W.K., Alsubaie, S.F., Moawd, S.A., Verma, A., Saleh, A.K.,
Ataalla, N.N., 2020. Isokinetic training-its radiographic and inflammatory effects on
chronic low back pain: a randomized controlled trial. Medicine 99 (51), e23555.
https://doi.org/10.1097/MD.0000000000023555.

Neason, C., Samanna, C.L., Tagliaferri, S.D., Belavy, D.L., Bowe, S.J., Clarkson, M.J.,
Craige, E.A., Gollan, R., Main, L.C., Miller, C.T., Mitchell, U.H., Mundell, N.L.,
Scott, D., Tait, J.L., Vincent, G.E., Owen, P.J., 2025. Running is acceptable and
efficacious in adults with non-specific chronic low back pain: the ASTEROID
randomised controlled trial. Br. J. Sports Med. 59 (2), 99-108. https://doi.org/
10.1136/bjsports-2024-108245.

Ni, W., Kuang, X., Zhu, Z., 2025. Pain chronicity and relief: from molecular basis to
exercise-based rehabilitation. Biology 14 (9), 1116. https://doi.org/10.3390/
biology14091116.

Norton, K.I., Norton, L., 2011. Pre-Exercise Screening: Guide to the Australian Adult Pre-
Exercise Screening System. Exercise and Sports Science Australia. Fitness Australia,
and Sports Medicine Australia.

Musculoskeletal Science and Practice 83 (2026) 103539

Oghumu, N.S., Okafor, U.A.C., Salu, O.B., Tella, B.A., 2023. Effects of lumbar
stabilization and graded activity exercises on selected biochemical mediators and
clinical outcomes in patients with non-specific chronic low back pain. Iran. Rehabil.
J. 21 (4), 663-694. https://doi.org/10.32598/irj.21.4.1733.3.

Owen, P.J., Miller, C.T., Mundell, N.L., Verswijveren, S.J., Tagliaferri, S.D., Brisby, H.,
Bowe, S.J., Belavy, D.L., 2020. Which specific modes of exercise training are most
effective for treating low back pain? Network meta-analysis. Br. J. Sports Med. 54
(21), 1279-1287. https://doi.org/10.1136/bjsports-2019-100886.

Pillastrini, P., Ferrari, S., Rattin, S., Cupello, A., Villafane, J.H., Vanti, C., 2015. Exercise
and tropism of the multifidus muscle in low back pain: a short review. J. Phys. Ther.
Sci. 27 (3), 943-945.

Posit team, 2025. RStudio: integrated development environment for R. In: Posit
Software. PBC. http://www.posit.co/.

Powell, J., Wood, L., Cashin, A.G., Lewis, J.S., 2025. It is not all about strength:
rethinking mechanistic assumptions in exercise-based rehabilitation for
musculoskeletal pain relief. Br. J. Sports Med. https://doi.org/10.1136/bjsports-
2025-110372.

Puerto Valencia, L.M., He, Y., Wippert, P.-M., 2024. The changes of blood-based
inflammatory biomarkers after non-pharmacologic interventions for chronic low
back pain: a systematic review. BMC Muscoskelet. Disord. 25 (1), 209. https://doi.
org/10.1186/512891-024-07289-1.

Rose, G.L., Skinner, T.L., Mielke, G.I., Schaumberg, M.A., 2021. The effect of exercise
intensity on chronic inflammation: a systematic review and meta-analysis. J. Sci.
Med. Sport 24 (4), 345-351. https://doi.org/10.1016/j.jsams.2020.10.004.

Schober, P., Boer, C., Schwarte, L.A., 2018. Correlation coefficients: appropriate use and
interpretation. Anesth. Analg. 126 (5), 1763-1768. https://doi.org/10.1213/
ANE.0000000000002864.

Schulz, K.F., Altman, D.G., Moher, D., Group*, C., 2010. CONSORT 2010 statement:
updated guidelines for reporting parallel group randomized trials. Ann. Intern. Med.
152 (11), 726-732. https://doi.org/10.7326,/0003-4819-152-11-201006010-00232.

Slouma, M., Kharrat, L., Tezegdenti, A., Metoui, L., Ghazouani, E., Dhahri, R.,
Gharsallah, I., Louzir, B., 2023. Pro-inflammatory cytokines in patients with low
back pain: a comparative study. Reumatol. Clinica 19 (5), 244-248. https://doi.org/
10.1016/j.reuma.2022.07.002.

Sluka, K.A., Frey-Law, L., Hoeger Bement, M., 2018. Exercise-induced pain and
analgesia? Underlying mechanisms and clinical translation. Pain 159 (Suppl. 1),
$91-597. https://doi.org/10.1097/j.pain.0000000000001235. Suppl 1.

Snow, G., 2022. Blockrand: randomization for block random clinical trials (R package
version 1.5). https://cran.r-project.org/web/packages/blockrand/blockrand.pdf.

Stevans, J.M., Delitto, A., Khoja, S.S., Patterson, C.G., Smith, C.N., Schneider, M.J.,
Freburger, J.K., Greco, C.M., Freel, J.A., Sowa, G.A., 2021. Risk factors associated
with transition from acute to chronic low back pain in US patients seeking primary
care. JAMA Netw. Open 4 (2). https://doi.org/10.1001/
jamanetworkopen.2020.37371 €2037371-e2037371.

Tagliaferri, S.D., Belavy, D.L., Bowe, S.J., Clarkson, M.J., Connell, D., Craige, E.A.,
Gollan, R., Main, L.C., Miller, C.T., Mitchell, U.H., Mundell, N.L., Neason, C.,
Samanna, C.L., Scott, D., Tait, J.L., Vincent, G.E., Owen, P.J., 2023. Assessing safety
and treatment efficacy of running on intervertebral discs (ASTEROID) in adults with
chronic low back pain: protocol for a randomised controlled trial. BMJ Open Sport &
Exer. Med. 9 (1). https://doi.org/10.1136/bmjsem-2022-001524.

Walzik, D., Wences Chirino, T.Y., Zimmer, P., Joisten, N., 2024. Molecular insights of
exercise therapy in disease prevention and treatment. Signal Transduct. Targeted
Ther. 9 (1), 138. https://doi.org/10.1038/541392-024-01841-0.

Wang, H., Ahrens, C., Rief, W., Gantz, S., Schiltenwolf, M., Richter, W., 2010. Influence
of depression symptoms on serum tumor necrosis factor-a of patients with chronic
low back pain. Arthritis Res. Ther. 12 (5), R186. https://doi.org/10.1186/ar3156.

Zheng, G., Qiu, P., Xia, R., Lin, H., Ye, B., Tao, J., Chen, L., 2019. Effect of aerobic
exercise on inflammatory markers in healthy middle-aged and older adults: a
systematic review and meta-analysis of randomized controlled trials. Front. Aging
Neurosci. 11, 98. https://doi.org/10.3389/fnagi.2019.00098.


https://doi.org/10.1016/j.bbi.2016.10.003
https://doi.org/10.1093/pm/pnab243
https://doi.org/10.1016/j.ebiom.2019.04.032
https://doi.org/10.2147/JPR.S306280
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref35
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref35
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref35
https://doi.org/10.3389/fpsyt.2025.1678367
https://doi.org/10.3389/fpsyt.2025.1678367
https://doi.org/10.1186/s12891-020-03357-4
https://doi.org/10.1186/s12891-020-03357-4
https://doi.org/10.1016/j.ptsp.2020.12.023
https://doi.org/10.1016/j.ptsp.2020.12.023
https://doi.org/10.1007/s00406-019-01025-w
https://doi.org/10.3390/ijms24043394
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref41
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref41
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref41
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref42
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref42
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref42
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref42
https://doi.org/10.1097/MD.0000000000023555
https://doi.org/10.1136/bjsports-2024-108245
https://doi.org/10.1136/bjsports-2024-108245
https://doi.org/10.3390/biology14091116
https://doi.org/10.3390/biology14091116
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref46
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref46
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref46
https://doi.org/10.32598/irj.21.4.1733.3
https://doi.org/10.1136/bjsports-2019-100886
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref49
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref49
http://refhub.elsevier.com/S2468-7812(26)00055-X/sref49
http://www.posit.co/
https://doi.org/10.1136/bjsports-2025-110372
https://doi.org/10.1136/bjsports-2025-110372
https://doi.org/10.1186/s12891-024-07289-1
https://doi.org/10.1186/s12891-024-07289-1
https://doi.org/10.1016/j.jsams.2020.10.004
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.7326/0003-4819-152-11-201006010-00232
https://doi.org/10.1016/j.reuma.2022.07.002
https://doi.org/10.1016/j.reuma.2022.07.002
https://doi.org/10.1097/j.pain.0000000000001235
https://cran.r-project.org/web/packages/blockrand/blockrand.pdf
https://doi.org/10.1001/jamanetworkopen.2020.37371
https://doi.org/10.1001/jamanetworkopen.2020.37371
https://doi.org/10.1136/bmjsem-2022-001524
https://doi.org/10.1038/s41392-024-01841-0
https://doi.org/10.1186/ar3156
https://doi.org/10.3389/fnagi.2019.00098

	The effects of running on systemic inflammatory markers in chronic low back pain: a secondary analysis of the ASTEROID rand ...
	1 Introduction
	2 Methods
	2.1 Trial design
	2.2 Participants
	2.3 Interventions
	2.3.1 Run-walk intervals
	2.3.2 Waitlist control

	2.4 Outcomes
	2.4.1 Inflammatory markers
	2.4.2 Pain intensity
	2.4.3 Mental health

	2.5 Sample size
	2.6 Randomisation
	2.7 Blinding
	2.8 Statistical methods

	3 Results
	3.1 Participants
	3.2 Adherence
	3.3 Inflammatory markers
	3.4 Correlations between inflammatory markers, pain intensity, and mental health
	3.5 Harms

	4 Discussion
	4.1 Strengths and limitations
	4.2 Conclusions

	CRediT authorship contribution statement
	Ethics approval
	Trial registration
	Availability of data and material
	Funding
	Conflicts of interest
	Acknowledgements
	References


