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Abstract 42 

Objective 43 

Physical exercise can transiently decrease pain intensity within a single session and improve physical 44 

capacities while reducing pain over a training program. However, pain trajectory throughout a concurrent 45 

physical training program remains unknown. This study aimed to model pain trajectory during a training 46 

program including both aerobic and resistance exercises, considering both acute (within-session) and 47 

chronic (across-program) effects of physical exercise. 48 

Design 49 

Prospective observational study 50 

Method 51 

Participants completed a 14-week training program (42 sessions; n = 28) or were assigned to a waiting 52 

list (n = 29). In the exercise group, low back pain intensity was measured before and after each training 53 

session. Pain intensity averaged over the last week was measured before and after the 14-week period in 54 

both groups. Linear mixed-effects modelling was performed to describe the pain trajectory. 55 

Results 56 

Pain intensity averaged over the last week decreased only in the exercise group (exercise: 4.9 ± 0.3 vs 57 

2.5 ± 0.3; control: 5.6 ± 0.3 vs 5.3 ± 0.3). Pain trajectory was characterized by a linear and a quadratic term 58 

(p’s < 0.001), suggesting pain reduction decelerated as the program progressed. Pain intensity decreased 59 

after each training session (p < 0.001) with this effect remaining constant throughout the program (non-60 

significant interactions, p’s > 0.585). 61 

Conclusions 62 

Pain decreases more markedly during the initial weeks of the program. Acute exercise-induced 63 

hypoalgesia persisted throughout the program, suggesting patients may use physical exercise to manage 64 

pain flare-ups even after several weeks of training. 65 

242/250 words 66 
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1 Introduction 71 

Chronic low back pain (CLBP) is a leading cause of disability worldwide [1] and is associated with 72 

increase prevalence of other physical and mental comorbidities, including cardiorespiratory disease, 73 

metabolic conditions, and mood disorders [2]. Additionally, CLBP patients show signs of physical 74 

deconditioning [3], contributing to functional decline. 75 

Various treatment strategies have shown comparable effectiveness, ranging from small to moderate [4]. 76 

While pharmacotherapy can be helpful in pain management, it often comes with serious side effects such 77 

as addiction, overdose, and increase mortality risk [5]. Therefore, non-pharmacological approaches are 78 

generally preferable. Physical exercise, a key non-pharmacological approach, is safe even at high intensities 79 

[6] and alleviates CLBP symptoms, including pain and disability [4] while enhancing physical and mental 80 

health [7]. Concurrent training combining both aerobic and resistance exercises can promote 81 

cardiorespiratory and neuromuscular adaptations, potentially addressing the deconditioning often observed 82 

in CLBP patients.  83 

Physical exercise is now recommended as a first-line treatment in the management of CLBP [8]. Acutely, 84 

exercise sessions, including both aerobic and resistance exercises, can transiently decrease pain sensitivity 85 

[9], a phenomenon known as acute exercise-induced hypoalgesia. Chronically, training programs 86 

consistently decrease pain intensities in the lower back [4]. However, the relationship between these acute 87 

and chronic pain responses remains unclear. Recent research in exercise physiology suggests that acute 88 

stress responses to exercise are crucial for long-term adaptations [10]. Applying this principle to pain 89 

management, we might hypothesize that as the body adapts to a physical exercise program, the acute 90 

physiological stress to each session could change over time, potentially influencing both the immediate 91 

exercise-induced hypoalgesia and the trajectory of chronic pain reduction. However, current research 92 

focuses on pre- and post-intervention pain differences, leaving the dynamics of within-session pain response 93 

and their relationship to long-term outcomes unexplored. Moreover, meta-analyses have shown that effect 94 
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sizes of physical exercise interventions for CLBP are typically small to moderate [4]. This limitation 95 

suggests that current training programs either are too short to realize the full potential of physical exercise, 96 

or that there is an inherent limit to its effectiveness. If the latter is true, we might expect a non-linear pain 97 

reduction trajectory, where pain decreases more rapidly initially, then gradually slows down until reaching 98 

a plateau.  99 

The primary aim of this study was to explore the trajectory of low back pain intensity during a physical 100 

training program including both aerobic and resistance exercises. A second aim was to test whether acute 101 

exercise-induced hypoalgesia was maintained throughout the training program. 102 

  103 
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2 Methods 104 

This study examined the trajectory of low back pain throughout a training program at the Centre de 105 

recherche de l’Institut universitaire de gériatrie de Montréal (CRIUGM). All procedures were approved by 106 

the institutional ethics committee (CER VN 16-17-11). All participants provided written informed consent 107 

prior to the study. This investigation is part of a larger research project examining the effects of physical 108 

exercise training on changes in brain connectivity and gene expression [11]. However, the present study 109 

was specifically designed as an ancillary project to address distinct objectives, including disentangling the 110 

short- and long-term effects of physical exercise on pain and identifying pain predictors of chronic pain 111 

trajectories during the training program. The aims and data presented here are independent and minimally 112 

overlap with other analyses from the broader project, ensuring that the findings are substantially and 113 

uniquely valuable. 114 

2.1 Study design 115 

Participants with CLBP were randomly assigned to a 14-week training program (exercise group) or a 116 

waiting period (control group; with access to an online version of the training program afterwards). Both 117 

groups underwent identical tests before and after the protocol, except for maximal aerobic power and one-118 

repetition maximum (1RM). We used these tests to individualize the load during the training sessions. As 119 

the control group was on a waiting list not performing any training sessions, we decided not to perform 120 

these tests in this group to avoid additional laboratory visits as well as to minimize unnecessary negative 121 

affective responses elicited by maximal exercise performed until exhaustion. Physical and psychosocial 122 

outcomes were measured one week before and after the intervention period. Detailed methodology is 123 

available in supplementary material S1. 124 

2.2 Participants 125 

While our planned sample size was 100 participants (50 per group), the project was performed during 126 

the COVID lockdown in Quebec. Therefore, we had to comply with sanitary measures, which delayed data 127 

collection and limited our sample size to 57 participants. Consequently, and in line with funding duration, 128 
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we were able to recruit 28 and 29 participants in the exercise and control groups, respectively (table 1). 129 

Inclusion criteria followed the Canadian minimum dataset for CLBP research [12]: back pain persisting >3 130 

months or pain for at least half of the days in the past 6 months. Exclusion criteria included recent analgesic 131 

injections, cancer therapy, self-reported pain <4/10 when asked to rate their average pain over the past week, 132 

severe neurological or psychiatric disorders, or significant health issues preventing physical training 133 

participation. 134 

2.3 Physical training program 135 

The program consisted of a concurrent aerobic and resistance exercise training. Participants were 136 

familiarized with low-intensity exercises during the first 4 sessions. Maximal aerobic power and 1RM (leg 137 

press, chest press and lateral pulldown) were assessed during session 5 and 6. Testing results were used to 138 

calibrate workloads for session 7-40. Maximal aerobic power was measured using an incremental protocol 139 

on a recumbent cycle ergometer (Corival Recumbent, Lode B.V., Groningen, The Netherlands). The initial 140 

power output was set at 50W for males and 35W for females, with increments of 15W per minute until 141 

participants reached volitional exhaustion. For 1RM testing, three exercises were performed on resistance 142 

machines: leg press, chest press and lateral pulldown (Atlantis Inc, Laval, Canada). For each exercise, the 143 

initial load was set by the kinesiologist to 90% of the estimated 1RM. Then, the load increased by 2.5-5% 144 

after each successful repetition. The procedure was repeated with 3 min of recovery between each trial until 145 

the participant was unable to lift the weight. 146 

Three 1-hour sessions were conducted weekly (Monday, Wednesday, Friday; figure 1), each including 147 

a warm-up, resistance exercises, followed by aerobic exercises. On Mondays and Fridays, participants 148 

completed two circuits of resistance exercises. The first circuit combined elastic bands, free weights and 149 

body mass. It included 5 exercises, each performed for 1 set of 10-15 repetitions, The second circuit included 150 

resistance machines and consisted of 4 exercises, performed for 3 sets of 10-15 repetitions each. Following 151 

completion of these two circuits of resistance exercises, participants completed a high-intensity interval 152 

training exercise. The high-intensity interval exercise consisted of alternating between 60% maximal 153 
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aerobic power for 1 minute and 80-85% maximal aerobic power for 2 minutes. Following this, participants 154 

completed an additional two sets of 6-minute intervals, alternating every 15 seconds between 60% maximal 155 

aerobic power and 100% maximal aerobic power. In total, participants completed 14 min of high-intensity 156 

interval exercise per training session. On Wednesdays, participants completed a circuit of resistance exercise 157 

with elastic bands, free weights and body mass exercises. Following completion of this circuit of resistance 158 

exercises, participants completed an aerobic exercise consisting of a 25-min incremental protocol on the 159 

recumbent cycle ergometer. The exercise started at 65% maximal aerobic power for the first 5 min. Then 160 

the workload increased by 5% every 5 min until reaching 85% of the maximal aerobic power. A home 161 

training protocols were provided for missed sessions, which included body mass exercises and a 15-minute 162 

cardiovascular walk. A detailed overview of the physical exercise program and testing procedures can be 163 

found in supplementary material S1. 164 

** insert figure 1 here ** 165 

2.4 Outcomes 166 

Physical and functional outcomes were measured in a single visit and administered as per the American 167 

College of Sports Medicine’s guidelines [13] In both groups, measures of muscular capacities included 168 

maximal handgrip strength and a 30-second (s) sit-to-stand test. Measures of cardiorespiratory capacities 169 

included a 6-minute (min) walk test and an incremental ergocycle protocol terminating at 85% of the 170 

estimated maximal heart rate using Tanaka’s formula (HRmax = [208 – 0.7 × age]) [14]. Mobility was 171 

assessed via the Timed Up-and-Go and 10-m Walk Test. Both tests were performed three times at 172 

comfortable and maximal paces. For the exercise group only, additional measures were taken as described 173 

previously: maximal aerobic power was assessed using a maximal incremental ergocycle test, and one-174 

repetition maximum (1RM) was determined for leg press, chest press and lateral pulldown exercises. 175 

Psychosocial and pain outcomes. Both groups reported their pain averaged in the past week (7-day pain) 176 

using an 11-point numerical rating scale (NRS; 0=no pain, 10=extreme pain). Physical and functional test-177 

evoked pain (i.e., pain following each physical test) was also measured during the physical assessment using 178 
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the same NRS. Averaged test-evoked pain was then computed pre- and post-training program. The Tampa 179 

Scale of Kinesiophobia [15], Pain Catastrophizing Scale [16] and Oswestry Disability Index [17] were 180 

administered to the participants. Participants in the exercise group were asked to rate their pain in the lower 181 

back during quiet standing using the 11-point NRS before and after each training session to monitor the pain 182 

trajectory. 183 

2.4 Statistical Analyses 184 

Analyses were performed using R version 4.2.1. Baseline measures were analyzed with 𝑡 (continuous 185 

variables) or χ2 (categorical variables) tests. We used linear mixed-effects models (LMM) to test the effect 186 

of the physical training program on the outcomes measured in both groups. Pain trajectory was fitted using 187 

LMM taking into consideration change in pain scores due to the training program (i.e., over several training 188 

sessions) and due to the training sessions (i.e., pre-/post-session). To account for the possibility of non-189 

linear change in pain over time, the effect of the program was modeled using an orthogonal quadratic trend. 190 

This approach avoids the issue of collinearity between the linear (pain relief) and quadratic terms (limitation 191 

in pain relief), thus allowing independent moderation analysis on both terms. Given that previous research 192 

on moderators of physical exercise effectiveness has been limited to pre- and post-intervention data [18], 193 

we conducted exploratory analyses to investigate potential moderators of pain trajectories. This approach 194 

allows for the identification of different pain response patterns that may be associated with individual 195 

characteristics, which could be missed in traditional pre-post designs. To assess potential moderators of 196 

training session effects and overall program effects, the following continuous variables were centered 197 

around their respective means to reduce the risk of multicollinearity: baseline 7-day pain, maximal aerobic 198 

power, muscle strength and age. Muscle strength was computed as a composite score by averaging the 199 

individual z-scores of the 1RM. Sex and pain duration were also included as categorical moderators. Due to 200 

COVID-19 lockdown restrictions, our final sample size (N=28) was lower than initially planned. To mitigate 201 

the risk of overfitting in our cross-level interaction analyses, we constructed separate models for each 202 

potential moderator. We therefore tested 6 additional models, adjusted with the Bonferroni correction for 203 
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multiple testing. A justification for each moderator is available in supplementary material S1. Alpha level 204 

was set at ɑ = 0.05. All results are reported as β-coefficients with 95% confidence intervals and associated 205 

p-values. 206 

** insert figure 2 here ** 207 

  208 
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3 Results 209 

Fifty-seven consented to participate (figure 2). None of the baseline demographic characteristics differed 210 

between the groups (p > 0.113, table 1). Both groups also did not differ at baseline for any outcomes except 211 

for disability (β = -3.76 [-0.29, -7.23], p = 0.034) for which the exercise group scored lower. The exercise 212 

group also tended to have less pain-related fear (β = -1.76 [-3.54, 0.02], p = 0.053).  213 

** insert table 1 here ** 214 

3.1 Effect of the training program on outcomes 215 

As we were interested in whether the exercise group changed differently than the control group, only the 216 

interaction effects are reported. Main effects are available in supplementary material S2. Participants 217 

completed, on average, 40 ± 2 sessions of the training program. Estimated marginal means with 95% 218 

confidence intervals are shown in table 2 for all outcomes. 219 

Physical and functional outcomes. The exercise group improved in maximal aerobic power and 1RM 220 

for all exercise tested. The interaction effect on the 6-min walk test and submaximal ergocycle test revealed 221 

that the exercise, but not the control group, improved following the program. Both groups improved 222 

similarly at the short walking tests and the 30-s sit-to-stand (main effect of time: p’s < 0.021; group × time 223 

interaction: p’s > 0.104). 224 

** insert table 2 here ** 225 

Psychosocial and pain outcomes. Following the protocol, 7-day pain decreased solely in the exercise 226 

group (p < 0.001). After the training program, participants in the exercise group reported less pain evoked 227 

by the physical and functional tests (p < 0.001). Similarly, the exercise group, but not the control group, 228 

reported less disability, pain-related fear and pain catastrophizing at the end of the training program (p’s < 229 

0.017). 230 

** insert figure 3 here ** 231 
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3.4 Pain trajectory 232 

As expected, pain decreased throughout the training program (β = -0.03 [-0.03, -0.02], p < 0.001). Adding 233 

a quadratic term to our LMM significantly improved the fit (BIC: 6742.6 vs 6737.9, p < 0.001). This 234 

indicates that pain reduction followed a non-linear pattern over the 42 training sessions (figure 4A). This 235 

pattern was characterized by a rapid initial decline in pain (linear term: β = -14.57 [-17.52, -11.62], p < 236 

0.001). While our model suggests that pain continues to decrease throughout the program, the positive 237 

coefficient of the quadratic term (β = 4.17 [1.22, 7.12], p = 0.006) indicates a diminishing rate of pain 238 

reduction as the number of sessions increases, consistent with the possibility of a floor effect. In addition, 239 

participants reported significant pain relief after each training session (β = -0.62 [-0.71, -0.53], p < 0.001; 240 

figure 4B) and this acute exercise-induced hypoalgesia was not altered across sessions (session × program 241 

interaction: p’s > 0.585 on both linear and quadratic terms; figure 4C). 242 

To explore potential moderators of pain trajectories, we constructed separate models for each moderator 243 

(figure 4D-I). Orthogonal polynomials were used to model the effect of the 42 training sessions, eliminating 244 

the dependence between the linear and quadratic terms, at the cost of reduced interpretability of the 245 

coefficients. The complete table of the coefficients can be found in the supplementary material S2. Initial 246 

pain decline was steeper for participants with higher baseline 7-day pain, shorter pain duration and younger 247 

age (p’s < 0.001). The rate of pain reduction attenuated more rapidly for those with higher baseline pain (p 248 

< 0.001) and older age (p = 0.008). Acute pain relief was greater for participants with higher baseline pain, 249 

shorter pain duration and for males (p’s < 0.001). There was also a tendency for greater acute pain relief in 250 

participating with higher maximal aerobic power (p = 0.071) and muscle strength (p = 0.058). 251 

** insert figure 4 here ** 252 

  253 
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4 Discussion 254 

This study aimed to model pain trajectory during a concurrent training program. Pain initially decreased 255 

rapidly, but the rate of reduction gradually slowed down, revealing a non-linear pattern. We also investigated 256 

potential changes in acute exercise-induced hypoalgesia by measuring pain before and after each session. 257 

While we reproduced the acute exercise-induced hypoalgesia [9], our findings suggest the training program 258 

did not alter the magnitude of pain relief experienced by participants following each training session. 259 

Training program effect. In line with current literature [4, 7], our data shows that moderate-to-high 260 

intensity physical training can reduce chronic low back pain. Importantly, we observed a non-linear pattern 261 

of pain reduction over the course of the training program. Pain intensity decreased more rapidly during the 262 

initial weeks of the training, with the rate of improvement gradually slowing over time. This non-linear 263 

trajectory suggests that the greatest benefits of exercise intervention may be realized early in the program. 264 

However, continued engagement in physical training program appears to maintain these pain reductions [4], 265 

even as the rate of improvement plateaus. This pattern aligns with the principle of diminishing returns often 266 

observed in exercise adaptations [19]. Understanding this non-linear trajectory may be crucial for patient 267 

education and expectation management. For instance, patients might become discouraged if they perceive 268 

a slowdown as a lack of ongoing benefit, which may in turn decrease adherence to physical exercise [20]. 269 

Our exploratory analyses revealed that baseline pain intensity and age moderated chronic pain trajectory. 270 

These were associated with steeper initial declines in pain intensity, but also quicker attenuation in the rate 271 

of pain reduction. This suggest that these individuals may converge towards similar overall outcomes 272 

despite taking different trajectories. This convergence aligns with a recent meta-analysis that found limited 273 

effects of various moderators in pre- and post-intervention designs [18]. However, short-standing pain (<5 274 

years) predicted greater pain relief throughout the program, underscoring the importance of early 275 

intervention.  276 

Training session effect. Our findings further support the acute exercise-induced hypoalgesia effect in 277 

CLBP [9]. Moderate-to-high intensity exercise, as performed in our training program, is known to induce 278 
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muscle pain [21]. This exercise-induced muscle pain can in turn enhance acute exercise-induced 279 

hypoalgesia via descending pain mechanisms, such as diffuse noxious inhibitory control [22]. Moreover, 280 

allowing patients to engage in painful exercise might serve as a form of exposure therapy [22]. Given that 281 

fear of reinjury is often linked to avoidance behaviours and disability [23], some patients may actively avoid 282 

physical activity. This increase in sedentary behaviour may exacerbate pain intensity [24] and contribute to 283 

deconditioning [3], in turn accelerating the functional decline observed in CLBP patients. In chronic pain 284 

conditions like CLPB, the central nervous system often associates certain movements with perceived threats, 285 

triggering the experience of pain [25]. Exposing patients to painful sensations in a controlled and safe 286 

environment may help break this association [22]. Additionally, exercise-induced hypoalgesia itself may 287 

further weaken this movement-threat link, as exercise not only involves movement, but also brings acute 288 

pain relief [9]. Interestingly, patients exercising at higher intensities have reported greater pain reduction 289 

after an exercise program [6]. This may be due to the physiological adaptations to the training, but also 290 

because of the dose-response relationship between exercise intensity and exercise-induced hypoalgesia, 291 

where more intense exercise leads to greater acute post-exercise pain relief [26]. Our exploratory analyses 292 

revealed that higher baseline pain intensity predicted greater acute pain relief, suggesting that despite 293 

potential apprehension toward physical exercise [25], patients experiencing more severe pain may benefit 294 

significantly from exercising at higher intensities. 295 

The lack of interaction between long- and short-term effects of exercise suggests that these two 296 

phenomena may have distinct mechanisms. Chronic pain is increasingly recognized as a disease state, driven 297 

by maladaptive changes in the central nervous system. While the exact mechanisms remain unclear, 298 

neuroinflammation, possibly linked to a dysregulated immune system [27], may play a role. Given 299 

exercise’s anti-inflammatory effects [10], chronic exercise could reverse these maladaptive changes, 300 

reducing chronic pain. Conversely, acute exercise-induced hypoalgesia has been attributed to various 301 

systems, including opioids, serotonin and endocannabinoids [28]. An active lifestyle may increase serotonin 302 
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and opioids in pain control areas of the brain [29]. One important nuance is that studies usually investigate 303 

acute exercise-induced hypoalgesia using pain sensitivity [28], which may capture changes in pain 304 

modulation systems. In contrast, we measured pain experienced during quiet standing, which may better 305 

reflect the overall daily pain experience of CLBP patients. As such, it is unclear whether the acute exercise-306 

induced hypoalgesia we observed is underpinned by the same mechanisms as those identified in traditional 307 

pain sensitivity tests. 308 

4.1 Limitations 309 

Focusing on pain during quiet standing yielded low pain ratings. Future studies should consider 310 

monitoring pain intensity evoked during the completion of physical exercises to more closely reflect the 311 

everyday pain experiences of CLBP patients. Additionally, our study did not include longitudinal pain 312 

ratings for the control group, preventing us from modelling pain trajectory over time for this group. This 313 

limitation makes it challenging to determine whether the observed pain reduction in the exercise group was 314 

due to regression to the mean or a true effect of physical exercise. However, it should be noted that if this 315 

were merely an effect of regression to the mean, we would expect to observe an increase in pain for 316 

participants with the lowest pain ratings, which is not the case (figure 4A). Furthermore, our pre-post 317 

analysis revealed that participants in the exercise group experienced significant pain relief, whereas those 318 

in the control group did not. Given the consistent findings in the literature supporting the effectiveness of 319 

physical exercise [4], we are confident that the pain relief observed in our study is not merely due to 320 

regression to the mean. 321 

4.2 Research & clinical implications 322 

The non-linear pattern in pain reduction observed in this study may be due to diminishing returns, similar 323 

to those seen in other health outcomes [19]. However, it is also likely that this residual pain arises from 324 

distinct mechanisms not directly targeted by exercise. For instance, intervertebral disc degeneration is a 325 

frequent cause of low back pain [30]. Future research should therefore focus on confirming whether exercise 326 

primarily reduces pain stemming from central sensitization (i.e., nociplastic pain). Remaining pain post-327 
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intervention could potentially be attributed to disc degeneration or other structural abnormalities. This 328 

distinction between nociplastic and nociceptive pain could inform the development of more targeted 329 

interventions. Physical exercise could be used to address nociplastic pain, while complementary strategies 330 

could be explored to manage residual nociceptive pain. 331 

Clinically, high-intensity exercise may yield better outcomes for CLBP than lower intensities [6]. As no 332 

consistent moderators of individual response have been identified [18], patients should generally be 333 

encouraged to engage in a physical training program unless contraindicated. Our findings indicate that initial 334 

pain reduction is most pronounced within the first few weeks, but sustained physical activity is necessary 335 

to maintain these benefits [4, 24] and potentially reduce the risk of developing comorbidities [2]. Finally, 336 

the consistent acute pain relief we observed across the training program reinforces the importance for CLPB 337 

patients of maintaining engagement in moderate-to-high intensity exercise to manage pain flare-ups, 338 

regardless of their baseline activity level or stage in the training program. 339 

  340 
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Practical implication 341 

• Pain relief was most rapid in the beginning stages of the training program, then slowed down over 342 

the 14-week period. 343 

• Participants felt less pain right after each session, with pain levels dropping by around 0.6 on a 10-344 

point scale every time they exercised. 345 

• The pain relief experienced right after exercise seems to work differently than the gradual, long-346 

term pain relief. While immediate pain relief continued steadily, the overall pain reduction slowed 347 

down overtime. 348 

  349 
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 458 

Figure 1 Overview of the weekly physical training program (A). Two resistance training circuits 459 

(approximately 25 min) and one HIIT circuit (approximately 20 min) were performed on Mondays and 460 

Fridays (B). One resistance training circuit (approximately 15 min) and one incremental continuous cycling 461 

(approximately 50 min) bout were performed on Wednesdays. Approximately 10 min of stretching exercises 462 

for the main muscle groups involved was completed at the end of each training session. Current pain in the 463 

lower back, while standing still, was measured before and after each training session. HIIT: high-intensity 464 

interval training; MAP: maximal aerobic power. 465 

  466 
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 467 

Figure 2 Consort flow diagram depicting patients’ progression throughout the protocol. 468 

  469 
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 470 

Figure 3. Change in psychosocial outcomes in the exercise (blue squares) and control (yellow triangles) 471 

groups.  The exercise group, but not the control group, improved in 7-day averaged pain (A), disability as 472 

measured with the Oswestry Disability Index (B), pain catastrophizing (C) and pain-related fear (D). 473 

Estimated marginal means shown with 95% confidence intervals. Data distribution shown by vertical 474 
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density curves. Individual data for the exercise group (blue) and the waiting list (yellow) shown by 475 

colored lines. One symbol represents 𝑝 < .05, two symbols 𝑝 < .01, and three symbols 𝑝 < .001. 476 

477 
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 478 

Figure 4 Pain trajectory of low back pain throughout the exercise regimen. Pain intensity decreased 479 

following chronic (A) and acute (B) exercise. Short-term hypoalgesia induced by a single training session 480 

(i.e., acute exercise) remains present during the entire physical training program (C). Pain decreased non-481 

linearly over time, slowing down as participants went through the physical training program. On average, 482 
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each training session reduced participants’ low back pain by ~0.6/10. Panels D through I show cross-level 483 

interactions with 2nd-level moderators. All range displayed for moderators are consistent with observed 484 

values in our samples. 485 
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Table 1 Comparison of baseline characteristics. 

    

Exercise 

(n=28) 

Control 

(n=29) 
p 

Sex      0.302 

 

Male 7 12  

 

Female 21 17  

Age    45.25 (15.14) 45.86 (12.8) 0.870 

Height    1.66 (0.09) 1.68 (0.09) 0.438 

Weight    72.7 (13.13) 78.20 (16.56) 0.171 

BMI    26.3 (4.43) 27.60 (4.90) 0.300 

Pain intensity    4.93 (1.54) 5.62 (1.70) 0.113 

Pain duration       

 

> 5 years 17 15 0.125 

 

1 -5 years 11 10 

 

 

< 1 years 0 4 
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Table 2 Linear mixed-effects model on the physical and psychosocial outcomes. Estimates are shown with their 95% confidence intervals. 

  Exercise group  Control group  Interaction 

  Pre Post  Pre Post  𝜷 

Cardiorespiratory fitness 

Submaximal exercise testing 

(W) 

 131 (115, 146) 145 (140, 152) $$$  128(113, 143) 128 (122, 135) 

$$$ 

 -4.38 (-6.52, -2.23) 

⁂ 

<.001 

6-min walk test (m)  573 (536, 610) 618 (581, 655) $$  535 (499, 571) 539 (503, 576)  -10.06 (-17.9, -2.21) 

* 
Muscular strength 

Handgrip (kg)   72.6 (63.8, 81.4) 67.6 (59.0, 76.3)  71.6 (62.8, 

80.4) 

 

64.2 (55.6, 

72.9) 

 -0.61 (-1.68, 0.46) 

Chairstand (nbr of repetitions)  10.9 (9.9, 12.0) 9.7 (8.7, 10.7)  12.2 (11.1, 

13.2) 

9.9 (8.9, 11.0)  -0.24 (-0. 

53, 0.05) 

Short walking tests 

Timed Up-and-go (usual gait; 

s) 

 8.6 (7.6, 9.5) 8.0 (7.1, 8.9) 

 

 9.6 (8.6, 10.5) 9.0 (8.1, 9.4)  0.01 (-0.16, 0.19) 

Timed Up-and-go (fast gait; s)  6.3 (5.6, 7.0) 6.0 (5.3, 6.7)  7.0 (6.23, 7.7) 

 

6.7 (6.1, 7.4)  0.03 (-0.07, 0.13) 

10m-walk test (usual gait; m/s)  1.3 (1.2, 1.4) 1.4 (1.3, 1.5)  1.3 (1.1, 1.4) 1.3 (1.2, 1.4)  -0.04 (-0.14, 0.05) 

10m-walk test (fast gait; m/s)  1.9 (1.8, 2.0) 2.0 (1.9, 2.1) 

 

 1.8 (1.7, 1.9) 1.8 (1.7, 1.9)  -0.06 (-0.16, 0.04) 

Psychosocial and pain outcomes 

Average pain (past week; /10)  4.9 (4.3, 5.6) 2.6 (1.9, 3.2) $$$ 

 

 5.6 (5.0, 6.2) 5.3 (4.7, 5.9)  0.51 (0.29, 0.73) ⁂ 

Average test-evoked pain (/10)  3.11 (2.3, 3.9) 1.6 (0.8, 2.4) $$$ 

 

 4.1 (3.4, 4.9) 4.5 (3.6, 5.3)  0.47 (0.23, 0.71) ⁂ 

Oswestry Disability Index 

(/100) 

 20.4 (15.9, 25.0) 

$ 

12.3 (7.7, 16.9) $$$ 

 

 28.0 (23.5, 

32.4) 

27.0 (22.5, 

31.6) 

 1.81 (0.36, 3.25) ⁂ 

Tampa Scale of Kinesiophobia  23.9 (21.5, 26.4) 

$ 

20.8 (18.3, 23.3) 

$$$ 

 

 27.5 (25.0, 

29.9) 

27.9 (25.4, 

30.3) 

 0.89 (0.18, 1.61) ⁂ 

Pain catastrophizing Scale  16.1 (12.0, 20.1) 10.1 (6.1, 14.2) $$ 

 

 20.5 (16.5, 

24.5) 

20.0 (16.0, 

24.0) 

 1.36 (0.37, 2.36) ⁂ 

* denotes a significant group x time interaction. $ denotes a significant difference between the two groups at the same time point.  One, two 

and three symbols represent p<.05, p<.01, p<.001 respectively. 
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