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Interactions between running volume and running pace on injury occurrence in recreational 1 

runners: A secondary analysis. 2 

 3 

 4 

Abstract 5 

Context 6 

The combination of an excessive increase in running pace and volume is essential to 7 

consider when investigating associations between running and running-related injury.  8 

Objectives  9 

The purpose of the present study was to complete a secondary analysis on a dataset from a 10 

randomized trial, to investigate the interactions between relative or absolute weekly changes 11 

in running volume and running pace on running injury occurrence among a cohort of injury-12 

free recreational runners in Denmark.  13 

Design 14 

Prospective cohort study 15 

Setting 16 

Running volume and pace were collected during a 24-week follow-up using global positioning 17 

systems (GPS) data. Training data was used to calculate relative and absolute weekly 18 

changes in running volume and pace. 19 

Patients or Other Participants 20 

A total of 586 recreational runners were included in the analysis. All participants were injury-21 

free at inclusion.  22 

Main Outcome Measure(s)  23 

Running-related injury was the outcome. Injury data were collected weekly using a modified 24 

version of the OSTRC questionnaire. Risk difference (RD) was the measure of injury risk. 25 

Results  26 
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A total of 133 runners sustained a running-related injury. A relative weekly change of 27 

progression >10% in running volume and progression in running pace (RD=8.1%, 95%CI: -28 

9.3;25.6%) and an absolute weekly change of progression >5km in running volume and 29 

progression in running pace (RD=5.2%, 95%CI: -12.0;22.5%), were not associated with a 30 

statistically significant positive interaction.       31 

Conclusions 32 

As coaches, clinicians and athletes may agree that excessive increase in running pace and 33 

excessive increase in running volume are important contributors to injury development, we 34 

analyzed the interaction between them. Although a statistically significant positive interaction 35 

on an additive scale in runners who progressed both running pace and running volume were 36 

not identified in the present study, readers of scientific articles should be aware that 37 

interaction is an important analytical approach that could be applied to other datasets in 38 

future publications.  39 

 40 

Key Words: Running, training load, Running-related injury, Interaction analysis, 41 

Observational study, etiology. 42 

 43 

Abstract word count: 300 44 

Body of manuscript word count: 3067 45 

 46 

Key Points 47 

 Coaches, athletes, and clinicians may consider the following question: Is the 48 

combination of an excessive increase in running pace and an excessive increase in 49 

running volume more injurious than an excessive increase in one of them? 50 

 The present study is the first to conduct an interaction analysis within running-related 51 

injury research. Researchers can apply this analysis to help coaches, athletes, and 52 

clinicians answer the question above. 53 
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 Although the results from the present study were non-significant, the present 54 

publication highlights an analytical approach that is equally important to other well-55 

known analytical methods, such as confounding.  56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 

 71 

 72 

 73 

 74 

 75 

 76 

 77 

 78 

 79 

 80 
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In recent years, the field of running-related injury research has witnessed an increase in the 81 

body of scientific literature investigating the association between training load and running-82 

related injury in runners.1 Training load in studies including runners is often quantified using 83 

variables such as volume (e.g. kilometers or hours run), pace, or frequency.1,2 However, 84 

recent reviews within the research field conclude that limited evidence exists regarding the 85 

role of training load in the etiology of running-related injury, regardless of which training 86 

variable is used as the primary exposure.1,3  The reason for this may be that the nature of 87 

running participation is both multifactorial and complex.4 Characteristics of this complex 88 

nature of running participation include the relationship between different training variables 89 

during running and the changes over time within these training variables.5,6 Further, the load 90 

tolerance of the musculoskeletal system may especially be challenged by sudden changes in 91 

training load.7 Weekly changes within training variables may therefore be of particular 92 

relevance to investigate.3,8  93 

To accomplish this, one may first consider the interrelation between time and variation in a 94 

training variable. This can be done by quantifying running participation and include it in an 95 

analysis as a time-varying exposure (a variable that changes status over time).5 Secondly, 96 

any separate analysis of an association between, e.g., changes in running volume and risk of 97 

injury, assumes that other training variables, such as running pace, are constant over time 98 

which is not very plausible. Hence, considering the interaction of time-varying training 99 

variables is necessary because it may be more plausible to assume that the two factors' 100 

effect exceeds the effect of each considered individually.9 No previous studies within running-101 

related injury research have accounted for the time-varying nature of training load as well as 102 

included the interaction between multiple training load variables while examining injury 103 

occurrence.1–3  104 

To date, research on changes in training variables and running-related injury has used 105 

relative changes as the primary exposure.3 Yet, no consensus exists on what defines a 106 

change and which magnitude of sudden changes are relevant to injury risk,3 and sudden 107 

changes could also be quantified as absolute measures. Therefore, future studies should 108 
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also consider incorporating absolute changes in training variables as exposures of interest. 109 

Investigating absolute or relative changes in training variables and the interaction of these 110 

training variables, while accounting for the time-varying nature of change in running volume 111 

and change in running pace, may shed new light on the role of training load in the etiology of 112 

running-related injuries.5   113 

Therefore, the purpose of the present study was to complete a secondary analysis, using a 114 

dataset from a randomized trial, to investigate the interactions between relative or absolute 115 

weekly changes in running volume and weekly changes in running pace on running injury 116 

occurrence among a cohort of recreational runners in Denmark, who were injury-free at 117 

baseline. It was hypothesized that a significant positive interaction on an additive scale 118 

existed if runners progressed both running pace and running volume. 119 

 120 

Methods 121 

The data collected during the Run Clever trial was used for the present study. Data collection 122 

ran from April 2015 through- March 2016. The Run Clever trial was registered in 123 

Clinicaltrials.gov (January 23, 2015) (NCT02349373), and a protocol article was published 124 

online on April 23, 2016 (submitted March 14, 2015).10 The Ethics Committee Northern 125 

Denmark Region reviewed the study protocol and provided ethics approval (N-20140069). All 126 

included participants provided verbal and written informed consent. The Run Clever trial 127 

randomly allocated recreational runners to a running schedule focused on increasing the 128 

average weekly volume (km/week) or a running schedule focused on increasing the average 129 

weekly pace (min/km). The follow-up lasted 24 weeks, divided into an 8 - week 130 

preconditioning period and a 16 - week intervention training period. The randomization was 131 

performed after the 8 – weeks of preconditioning. A detailed description of the original 132 

intervention is presented in the published protocol article.10    133 

The reporting of the present study followed the statement of strengthening the reporting of 134 

observational studies in epidemiology (STROBE).11 135 

 136 
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The present study was designed as a 24-week cohort study, based on participants from the 137 

original Run Clever trial.12 A call for study participants was distributed by contacting large 138 

companies and organizations, asking for permission to distribute information about the study 139 

through their internal communication platforms, using videos on social media, and 140 

advertising in running magazines and shops selling running gear.  141 

 142 

The population of interest was recreational runners. A recreational runner was defined as a 143 

person averaging between 1 and 3 weekly running sessions the past 6 months. Persons 144 

conforming to the definition of a recreational runner were considered for eligibility. The 145 

eligibility criteria were healthy persons between 18 – 65 years who owned a Garmin GPS 146 

watch or an IOS- or Android-based smartphone. Persons otherwise eligible for inclusion 147 

would be excluded if one or more of the following exclusion criteria were fulfilled: injured 148 

within the past 6 months, pregnant, or vigorous physical activity contraindicated.13 At 149 

inclusion, the following baseline information was collected via a questionnaire: Sex, age, 150 

height, weight, running experience in years, and previous injury.    151 

 152 

The exposure of interest was the relative or absolute change in running volume and change 153 

in running pace between 2 weeks (weekly changes).  The change was defined either as a 154 

regression or a progression. Running volume was measured in kilometers and running pace 155 

was measured in minutes per kilometer (min/km). Weekly running volume was calculated in 156 

the following manner: Kilometers completed during a running session, was added to the sum 157 

of kilometers covered during running sessions the past 6-days, resulting in the continuous 158 

variable "cumulated volume the over last 7 days".8 Weekly running pace was calculated in 159 

the following manner: A continuous variable containing the cumulated time during running 160 

was calculated, in a manner similar to the variable "cumulated volume the over last 7 days". 161 

By dividing the cumulated volume variable with the cumulated time variable a continuous 162 

variable "average pace over the last 7 days" was calculated. Weekly changes could not be 163 

calculated for the first 2 weeks of follow-up. 164 
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Relative changes in both running volume and running pace was the ratio between 2 weeks 165 

expressed as a percentage change. Absolute changes in both running volume and running 166 

pace was the subtracted difference between 2 weeks expressed in kilometers or min/km. 167 

The fact that such changes are not fixed in time but vary makes them time-varying covariates 168 

(equivalent to states) and were regarded as such. After calculating weekly relative and 169 

absolute changes for both training variables, changes were categorized into the following 170 

exposure states; 171 

Relative changes in pace (Regression pace or Progression pace), Relative changes in 172 

volume (Regression >10%, Regression 10%-0%, Progression 0%-10%, Progression >10%). 173 

Absolute changes in pace (Regression pace or Progression pace), Absolute changes in 174 

volume (Regression >5km, Regression 0-5km, Progression 0-5km, Progression >5km).  175 

 176 

The outcome was running-related injury (RRI) defined using a time-loss definition: "An injury 177 

sustained on muscles, joints, tendons and/or bones during or after running and attributed to 178 

running. The injury must have caused a training reduction (reduced distance, intensity, 179 

frequency etc.) for at least 7 days".14 The diagnosis of time-loss RRI was based on a 180 

standardized clinical examination carried out by one or more physiotherapists. A total of 33 181 

physiotherapists from 18 clinics represented the diagnostic team responsible for completing 182 

clinical examinations of all injured runners. A consultation from the investigator to the 183 

physiotherapists in the individual clinics served to introduce them to the standardized 184 

examination schedule and accompanying diagnostic criteria to be used in the clinical 185 

examinations. The examination schedule and accompanying diagnostic criteria have 186 

previously been used in a prospective cohort study on novice runners.15  187 

 188 

All data collected during the study was stored in a secured back-end system, only accessible 189 

by the investigators. On a weekly basis, study participants answered online questionnaires 190 

on running-related injuries using a modified version of the OSTRC questionnaire.16 The 191 

modification consisted of a fifth possible answer, "cannot participate due to pain" in addition 192 
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to the existing answering possibilities in question 4. The questionnaire was distributed by e-193 

mail every Sunday during the entire follow-up period. Reminder e-mails were forwarded the 194 

following Monday in cases where the questionnaire had not been answered during that 195 

Sunday. All participants reporting pain and time-loss related to running received formal 196 

instructions concerning clinical examination by a physiotherapist. 197 

All data on running participation were collected using the Global Positioning System (GPS) in 198 

Garmin GPS watches (Garmin International, Inc., Olathe, KS, USA) or IOS- and Android-199 

based smartphones by the Help2Run application (Help2Run, Denmark).17,18 All running 200 

performed was uploaded by the participants to the secure-back end system via a 201 

personalized internet-based training diary. 202 

  203 

The original power calculation performed prior to the collection of this data was related to the 204 

primary hypothesis of the Run Clever trial, which is presented elsewhere.12 Therefore, no 205 

calculation of sample size or power related to the present manuscript was performed.   206 

A time-to-event model (generalized linear regression using the pseudo-observation method) 207 

was used to calculate the cumulative injury risk difference which was the measure of 208 

association.19 The duration (time) scale was kilometers of running during follow-up with the 209 

main analysis conducted at 150 kilometers.20 The interaction on an additive scale between 210 

relative or absolute weekly changes of running volume and running pace were calculated 211 

using a interaction term in the generalized linear regression (pseudo observation method).9,19 212 

Interactions with a positive interaction term were considered positive and interactions with a 213 

negative interaction term were considered negative. The reference group in the analysis of 214 

relative weekly changes was regression pace + regression 10% - 0% volume. The reference 215 

group in the analysis of absolute weekly changes was regression pace + regression 0km – 216 

5km.  Estimates are presented with 95% confidence interval and p-value with p<.05 were 217 

considered statistically significant.21  218 

A minimum of 10 events per variable included in the regression analyses was considered 219 

necessary.22 In addition, the presence of 5 injuries per state was chosen as the minimum to 220 
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reduce the risk of sparse data bias.23 Running-related injury or withdrawal from the study 221 

within the first 2 weeks due to various reasons were excluded from the analysis since it was 222 

impossible to calculate weekly changes over time amongst these runners. Included 223 

participants were right-censored in case of pregnancy, illness, non-sport accidents causing a 224 

permanent stop of running, lack of motivation to continue participation, >10% manual upload 225 

of performed running or end of follow-up. Non-running related injuries causing a permanent 226 

stop of running were considered a competing risk.24 All analyses were performed using 227 

STATA/SE version 13 (StataCorp LP, College Station, TX). 228 

 229 

Results 230 

From the original eligible Run Clever sample of 839 participants, a total of 253 were excluded 231 

due to running-related injury or withdrawal from the study due to various reasons within the 232 

first 2 weeks. The final sample of 586 participants covered a total running volume of 136.647 233 

km, with an average volume per participant of 233 km. Participants collected data on running 234 

participation using the GPS unit in a Garmin GPS watch (7%), an iPhone (77%), an HTC 235 

smartphone (2%), a Samsung smartphone (11%), a Nokia smartphone (2%) and no device 236 

reported (1%). Of the 586 participants, a total of 133 (23%) sustained a running-related injury 237 

(FIGURE 1). Baseline characteristics of all participants and separately for uninjured and 238 

injured are presented in TABLE 1.  239 

 240 

The risk difference associated with combinations of different relative changes in running 241 

volume and changes in running pace are presented in TABLE 2. Measures of the interaction 242 

of relative changes in running volume and running pace on an additive scale for a regression 243 

in running volume >10% and a progression in running pace and a progression in running 244 

volume <10% and a progression in running pace were, respectively; -10.4% (95%CI -245 

30.1;9.2 : p=0.30) and -19.4% (95%CI -87.6;48.9 : p=0.58). Hence, revealing a non-246 

statistically significant negative interaction associated with both changes. While a non-247 
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statistical significant positive interaction were observed for a progression >10% in running 248 

volume and a progression in running pace; 8.1% (95%CI -9.3;25.6 : p=0.36).   249 

 250 

The risk difference associated with combinations of different absolute changes in running 251 

volume and changes in running pace are presented in TABLE 2. A non-statistical significant 252 

negative interaction of absolute changes in running volume and running pace on an additive 253 

scale were observed for a regression in running volume >5km and a progression in running 254 

pace; -6.3% (95%CI -27.3;14.6 : p=0.55). Absolute changes consisting of a progression in 255 

running volume 0 - 5km and a progression in running pace; 1.3% (95%CI -36.1;38.7 : 256 

p=0.95) or a progression >5km in running volume and a progression in running pace; 5.2% 257 

(95%CI -12.0;22.5 : p=0.55), both revealed non-statistically significant positive interactions.   258 

 259 

Discussion 260 

Based on the notion that running volume and running pace are time-dependent variables that 261 

interact, we conducted an interaction analysis investigating the association between weekly 262 

changes in running volume and running pace on running injury occurrence. Further, separate 263 

analyses of each exposure were performed because weekly changes in running pace and 264 

running volume are possible to quantify as both relative and absolute changes. The 265 

hypothesized positive interaction on an additive scale associated with relative or absolute 266 

progressions in both running pace and running volume were not statistically supported by the 267 

results.  268 

Previously, studies by Nielsen et al.8 and Kluitenberg et al.25  performed individual analysis 269 

investigating running volume as a time-dependent exposure, and Kluitenberg et al.25 also 270 

investigated Rate of Perceived Exertion (RPE) as a time-dependent exposure in an individual 271 

analysis. The present study analyzed volume and pace as interacting training variables that 272 

change status over time. To the best of our knowledge, this is the first study to investigate 273 

the combined effect of both training variables on RRI occurrence. This approach has 274 

practical implications when the aim is to advise runners on training load management.  275 
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Consider a runner with a weekly progression in running volume >10% and a weekly 276 

progression in running pace. The observed risk difference estimate tells us that it is 12.4% 277 

more injurious compared to a runner with a weekly regression in running volume 0%-10% 278 

and a weekly regression in pace. While the observed interaction estimate tells us that a 279 

weekly change would be 8.1% more injurious if both running volume (>10%) and running 280 

pace were progressed compared to a progression >10% in volume and regression in pace or 281 

a progression of 0%-10% in volume and a progression in pace. Related to advising runners 282 

on training load management, the estimate of interaction is therefore of particular 283 

importance. The present study investigated injury risk. Notably, the analytical approach can 284 

also be applied if the aim was to investigate performance improvements.  285 

Several important methodological implications related to the present study 286 

downgrade the relevance of the present results to clinical practice. Instead, the present study 287 

should be viewed as a methodological contribution, which athletic trainers and sport 288 

medicine providers can direct attention to when discussing the importance of including 289 

multiple training variables in studies of running-related injury etiology. Further, future running-290 

related injury research can also benefit from the statistical methods described in the present 291 

article. This was not the original perspective of the study but a result of the available data at 292 

the end of the follow-up. However, we still consider it plausible that a weekly progression in 293 

two training variables simultaneously challenges the load tolerance of the musculoskeletal 294 

system.  295 

The assumption of events per variable (EPV) is the overall reason for the methodological 296 

implications. To comply with this assumption, the pseudo-observations related to risk 297 

difference estimates should not be based on fewer than 10 events per variable and 5 injuries 298 

per state, otherwise, the validity of the estimates would be questionable.22 The events per 299 

variable challenge, therefore, relates to the deviation in the present study from the 300 

hypothesis (H4) originally stated in the published protocol "A positive excess risk due to 301 

interaction exists between running intensity and running volume, and the effect is more 302 

pronounced for pace-related injuries with greater changes in speed than volume, while the 303 
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effect is more pronounced for distance-related injuries with greater changes in volume than 304 

speed" .10 Specifically, to investigate the original hypothesis the 133 injuries observed, 305 

should have been categorized into RRI hypothesized to be associated with changes in 306 

running pace, RRI hypothesized to be associated with changes in running volume and RRI 307 

hypothesized to be associated with other risk factors.8,26 A consequence of this approach 308 

would be a further necessary reduction of included exposure states in accordance with the 309 

assumption of EPV.6,22 However, categories of both relative and absolute weekly changes in 310 

running volume and running pace need to be less coarse for future studies to identify a 311 

threshold for sudden changes in training load above which the risk of RRI significantly 312 

increases.3  313 

The approach underpinning the analysis should also be carefully considered when 314 

interpreting the results from the study. The present study is a secondary analysis, and the 315 

original randomization may influence the results. Further, studies have shown that measures 316 

of association between training load and RRI are modified by person characteristics such as 317 

BMI, running experience, and previous injury.27–29 The analysis in the present study could 318 

have produced different estimates of risk difference if additional variables, and thus more 319 

events of interest, had been included in the analyses. Specifically, the inclusion of relevant 320 

effect-measure-modifiers are needed in the analysis of future studies to allow for causal 321 

inference.30 322 

Therefore, an important focus when designing future studies should be to comply with the 323 

EPV assumption and minimize the risk of sparse data bias. More injuries (events) will allow 324 

for a more detailed categorization of the exposure variable into various groups. In addition, 325 

more injuries would allow for the adjustment of more confounders without violating the EPV 326 

assumption. Indeed, adding more variables in the analysis would strengthen the clinical 327 

relevance of the analysis. Moreover, a larger sample will allow for the inclusion of relevant 328 

effect-measure-modifiers, which, in case of low risk of sparse data bias, would improve the 329 

understanding of which change in training load is acceptable for certain runners under 330 

different circumstances.    331 
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 332 

Conclusions 333 

As coaches, clinicians and athletes may agree that excessive increase in running pace and 334 

excessive increase in running volume are important contributors to injury development, we 335 

analyzed the interaction between them. Although a statistically significant positive interaction 336 

on an additive scale in runners who progressed both running pace and running volume were 337 

not identified in the present study, readers of scientific articles should be aware that 338 

interaction is an important analytical approach that could be applied to other datasets in 339 

future publications.  340 

 341 
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Table 1. Baseline characteristics 444 

Table 1. Baseline characteristics of all participants and by injury status. Descriptive results 445 

are shown as: Counts, Mean (±SD), Median. Abbreviations: BMI (Body Mass Index), IQR 446 

(Inter-Quartile range), kg (kilograms), m (meters), SD (standard deviation). 447 

 448 

Table 2. Risk differences associated with weekly changes in running pace and running 449 

volume 450 

Table 2. Risk differences between percentage changes and absolut changes of weekly 451 

progression (Prog) and regression (Reg) in running pace (min/km) and running volume (km). 452 

Reference cumulative incidence proportion 10.0% (relative changes). Reference cumulative 453 

incidence proportion 9.2% (absolute changes). Interaction estimates are presented in bold. 454 

Results are presented as participant sessions in exposure group counts (injury registered in 455 

session / no injury registered in session), risk difference (RD), 95% confidence interval, 456 

significance level (p). † Values are absolute percentage points. 457 

 458 

Figure 1. Flow of participants 459 

Figure 1. Flowchart of participants. Reasons for exclusion of participants from the original 460 

sample are listed. Running-related injury are the number of events.  461 
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