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ABSTRACT 29 
Running-related injuries (RRIs) have been linked to high-frequency components of impact-30 
related variables. The influence of running retraining interventions on low- (LoF) and high-31 
frequency (HiF) components of impact-related variables remains unexplored. This study 32 
investigated the effects of different retraining strategies on LoF and HiF components of impact-33 
related variables. Twenty-six habitual rearfoot runners completed four overground running 34 
conditions: no instructions (CON), forefoot strike (FOR), increased cadence by 10% (CAD), 35 
and a combination of both (CADFOR). Three-dimensional kinematics were recorded, while 36 
ground reaction forces were processed to separate LoF and HiF signals (10 Hz as cutoff value). 37 
Compared to CON, HiF impact peak was reduced in FOR (P < 0.001, d = 2.0), CAD (P = 0.006, 38 
d = 0.6), and CADFOR (P < 0.001, d = 2.3). HiF instantaneous vertical loading rate was 39 
significantly reduced only in FOR (P < 0.001; d =  0.6) and CADFOR (P < 0.001; d = 0.7). 40 
Notably, adopting a forefoot strike pattern reduced HiF components of impact-related variables 41 
nearly three times more than cadence increase alone. The combination of forefoot strike and 42 
increased cadence produced the largest reduction in HiF impact components, suggesting it may 43 
be the most effective retraining strategy for potentially lowering RRI risk. 44 
 45 
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Introduction 49 
Running is among the most widely practised physical activities worldwide, due to its 50 
accessibility, affordability, and its well-established physical and mental health benefits 26. 51 
However, these advantages are limited by the high incidence of running-related injuries (RRIs) 52 
26. For decades, impact-related biomechanical parameters have been considered potential risk 53 
factors for overuse injuries 7. This assumption largely stems from animal studies showing that 54 
repetitive impacts can cause early cartilage damage in the knees of rats and guinea pigs 22,25. 55 
Despite this, evidence supporting a direct relationship between impact-related parameters and 56 
RRIs in humans remains limited 7. 57 
Traditionally, impact-related parameters have been assessed using time-domain analysis 7. 58 
During running, the vertical ground reaction force (vGRF) typically presents two distinct 59 
components: a passive peak, often referred to as the impact peak, and an active peak, associated 60 
with the propulsion phase of movement 19. However, time-domain analysis may not always be 61 
optimal for capturing impact characteristics 24. Factors such as footstrike pattern, running speed, 62 
and footwear can alter the timing and amplitude of the impact peak, potentially leading to its 63 
overlap with the active peak and compromising the accuracy of analysis 9,24. 64 
As a result, frequency-domain analysis has emerged as a promising alternative for isolating 65 
impact forces during running 24. The low-frequency component of impact-related variables 66 
(below 10 Hz) reflects voluntary lower-limb motion and the vertical acceleration of the centre 67 
of mass during the stance phase, whereas the high-frequency component (above 10 Hz) captures 68 
the rapid deceleration of the foot and leg at initial ground contact 8. A recent randomised 69 
controlled trial involving over 800 recreational runners demonstrated that time-domain impact 70 
variables were not associated with the risk of RRIs 18. In contrast, after decomposing the signal 71 
into high- and low-frequency components through frequency-domain analysis, the high-72 
frequency components of these same variables were found to be significantly associated with 73 
RRI risk 17. These findings highlight the need for targeted interventions aimed at reducing the 74 
high-frequency components of impact-related variables as a potential strategy for injury 75 
prevention. 76 
Running retraining, which typically involves transitioning to a forefoot strike pattern or 77 
increasing running cadence, has shown promising effects on impact-related variables in time-78 
domain analyses 5. Adopting a forefoot strike pattern has been associated with reductions six 79 
months after intervention in both the average vertical loading rate (AVLR) and the instantaneous 80 
vertical loading rate (IVLR) by 49.7% and 41.7%, respectively 6. Similarly, increasing running 81 
cadence by 7.5% has been reported to reduce AVLR six months after intervention by 82 
approximately 16% 6. However, despite their efficacy in time-domain analysis, the effects of 83 
these retraining strategies on low- and high-frequency components of impact-related variables 84 
remain unknown. 85 
The aim of the present study was to investigate the effects of running retraining interventions 86 
on impact-related parameters of high- and low-frequency signals. Specifically, the research 87 
objective was to examine the influence of adopting a forefoot strike pattern or increasing 88 
running cadence by 10% or combining both on the high- and low-frequency components of 89 
impact forces during running. We hypothesised that both interventions will result in a reduction 90 
in AVLR and the magnitude of the impact peak in the high-frequency signals 5. 91 
 92 
Materials and methods 93 
Participants  94 



The required sample size was calculated using a repeated measures ANOVA (within factors) 95 
in G*Power software (version 3.1.9.2, Germany). Based on a pooled standardized mean 96 
difference (d ≈ 0.7) reported in a meta-analysis comparing vertical loading rate between rearfoot 97 
and forefoot striking runners, we assumed a medium effect size for our repeated-measures 98 
design (f = 0.25) for the a priori power calculation 1. For our study, a total of 24 participants 99 
per condition was estimated to be necessary to detect a difference in AVLR with an effect size 100 
of f = 0.25, a statistical power of 0.80, and an alpha level of 0.05. Healthy recreational runners 101 
were recruited for this repeated measures experimental study between September 2024 and 102 
November 2024 using social media platforms, flyers, and online advertisements at popular local 103 
running competitions and running shoe stores, and via athletics federations.  104 
Eligibility criteria included age between 18 and 55 years, running with a rearfoot strike pattern, 105 
running at least 10 km per week for at least one year, no RRIs in the last three months prior to 106 
testing, having a European shoe size between 38 and 46 (approximately US men's sizes 6 to 107 
12). Exclusion criteria included a history of orthopaedic surgery or chronic medical conditions 108 
that could affect running biomechanics or performance. This study was approved by the local 109 
ethics committee (N°2024/231). 110 
 111 
Experimental protocol 112 
Biomechanical variables were collected on an indoor 27.5 m straight running track. Participants 113 
performed, with standardised running footwear (®Kalenji, Jogflow 100.1), five continuous 114 
running sessions of five minutes each, consisting of repeated back-and-forth runs at a speed of 115 
10 km/h (±5%). The first session consisted of a running speed and running footwear 116 
familiarisation. Then, the second session was considered as the “control” condition. The control 117 
condition needed to be completed first in order to accurately determine the cadence adjustment 118 
required for the subsequent retraining conditions. Finally, the last three conditions were 119 
performed in a random order: “cadence”, “forefoot” and “forefoot and cadence”.  According to 120 
the literature, a minimum of 30 steps per condition was collected on the force plates to ensure 121 
sufficient data 20. The running speed was verified in real-time using four time gates positioned 122 
every six meters on the running track. The experimental setup is illustrated in Figure 1.  123 
 124 
Conditions description: 125 
The control condition (CON) involved participants running “as usual”. Runners with a non-126 
rearfoot strike pattern were excluded from the analysis at this point. The cadence condition 127 
(CAD) consisted of running with a 10% higher running step rate compared to the step rate 128 
measured during the control condition using a metronome. The forefoot condition (FOR) 129 
consisted of running with a non-rearfoot strike pattern. The experimenter advised the runners 130 
to land on the ball of their foot. Finally, the cadence and forefoot condition (CADFOR) 131 
consisted of combining a non-rearfoot strike pattern with a 10% higher running step rate 132 
compared to the step rate measured during the control condition using a metronome. A period 133 
of self-determined recovery was allowed between the trials to minimise fatigue.  134 
 135 
Data collection: 136 
Three-dimensional kinematic data were collected using an optical motion capture system 137 
(Qualisys AB, Gothenburg, Sweden) equipped with nine cameras operating at 200 Hz. Five 138 
markers were placed on the following landmarks: left and right calcaneus, left and right heads 139 
of the fifth metatarsals, and pelvis (midpoint between the left and right posterior superior iliac 140 
spines).  141 



The ground reaction force (GRF) data were simultaneously captured using two consecutive 142 
force plates (Kistler, Kistler Group, Switzerland) at a sampling rate of 1000 Hz.  143 
 144 
Data processing 145 
The stance phase was defined between the instant when the vertical GRF increased above 20 N 146 
and the instant when it fell below 20 N. The signal present in the vertical GRF was further 147 
analysed using the script provided by Blackmore et al. (2016). The vertical GRF signal was 148 
decomposed, for each stance phase, into high and low-frequency components (10 Hz as cutoff 149 
value) using the Discrete Fourier Transform 3,9,24. Both high and low-frequency components 150 
were then recomposed into the time-domain using the Inverse Fourier Transform to form the 151 
two new signals (the high and low-frequency signals, respectively – Figure 2). The impact peak, 152 
average and instantaneous vertical loading rate and time-to-impact peak of the high-frequency 153 
signal were extracted. Likewise, active peak and time to active peak of the low-frequency signal 154 
were also extracted. Impact peak was defined as the maximal value of the high-frequency 155 
signal, and time-to-impact peak was defined as the time from initial contact to impact peak. 156 
Instantaneous vertical loading rate was the maximal slope of the high-frequency signal during 157 
the same period. Average vertical loading rate was calculated as the average slope in the high-158 
frequency signal between 20 and 80% of the period between initial contact and impact peak 3. 159 
Active peak was the highest value observed in the low-frequency signal, while time to active 160 
peak was defined as the time between initial contact and active peak. Force characteristics were 161 
normalised by the participant’s body weight.  162 
Each foot was considered as the segment between the heel and the head of the fifth metatarsal. 163 
The footstrike angle at initial contact was calculated for both feet using the method described 164 
by previous authors 2. The footstrike angle was defined by subtracting the foot angle in a 165 
standing position from the foot angle at footstrike. A positive footstrike angle indicated 166 
dorsiflexion. The cadence was calculated from the total number of left and right foot strikes per 167 
passage within the 3D camera capture volume (approximately eight meters in the middle of the 168 
track). The running speed was estimated from the derivative of the pelvis marker position. 169 
Kinematic variables were calculated for each gait cycle occurring within the 3D camera capture 170 
volume during the five-minute recording and then averaged per subject. Spatio-temporal 171 
variables were calculated for each passage within the 3D camera capture volume during the 172 
same period and also averaged per subject. Kinetic data were analysed for each gait cycle 173 
performed on one or both of the two force plates. Trials were considered valid when the 174 
participant’s foot landed entirely on a single force plate or partially across both. In the latter 175 
case, the vertical ground reaction force components from the two plates were summed point-176 
by-point to obtain a single continuous vertical GRF signal for that stance phase. Data from both 177 
limbs were averaged. 178 
 179 
Statistical analysis 180 
Statistical analysis was performed using JASP software. The significance level was set at 5%. 181 
Initially, a descriptive analysis of the sample was conducted by calculating the mean, standard 182 
deviation, minimum, and maximum of the individual variables (age, height, weight, running 183 
experience, and training habits) of the participants. 184 
Before analysing the main outcome variables, a repeated-measures ANOVA was performed to 185 
compare the running speed, foot strike angle, and cadence across the four conditions (control, 186 
cadence, forefoot, and forefoot + cadence). Mauchly’s test of sphericity was systematically 187 
conducted, and Greenhouse–Geisser corrections were applied to the p-values when necessary. 188 



Subsequently, a repeated-measures ANOVA was conducted to compare the impact-related 189 
parameters in the high-frequency signal (impact peak, time-to-impact peak, instantaneous and 190 
average vertical loading rate) and low-frequency signal (active peak, time to active peak) across 191 
the four conditions. Partial eta squared (η²) was used to estimate effect sizes, with values of 192 
0.01, 0.06, and 0.14 interpreted as small, medium, and large effects, respectively 11. When 193 
significant differences were observed, a post-hoc analysis was performed with a Bonferroni 194 
correction. The mean difference and its 95% confidence interval (95% CI) were calculated for 195 
each post-hoc analysis. Cohen’s d effect size and its 95% CI were also computed, with effect 196 
sizes interpreted as small (d = 0.2), medium (d = 0.5), and large (d = 0.8) 11. 197 
 198 
Results 199 
Sample description 200 
Data were collected for 26 runners (24 males, 2 females, age = 22.7 ± 2.5 years; mass = 70.4 ± 201 
8.7 kg, height = 1.74 ± 0.06 m, personal best in 5.000 metres race = 21.3 ± 3.7 minutes, volume 202 
per week = 23.5 ± 20.0 km, running experience = 5.7 ± 4.4 years).   203 

Effect of conditions on running speed, cadence and footstrike angle 204 
Repeated measures ANOVA highlighted a significant difference in footstrike angle between 205 
conditions (P < 0.001; ŋ² = 0.948). Post-hoc analysis indicated that footstrike angle was 206 
significantly smaller in FOR condition compared to CON (P < 0.001; d [95%CI] =  6.2 [4.5 – 207 
7.9]) and CAD (P < 0.001; d [95%CI] = 5.6 [4.1 – 7.1]) conditions. Similarly, footstrike angle 208 
was significantly smaller in CADFOR compared to CON (P < 0.001; d [95%CI] = 6.3 [4.7 – 209 
8.0]) and CAD (P < 0.001; d [95%CI] = 5.8 [4.3 – 7.2]).  210 
Repeated measures ANOVA highlighted no significant difference in running speed between 211 
conditions (P = 0.129; ŋ²: 0.948 ).  212 
Repeated measures ANOVA highlighted a significant difference in cadence between conditions 213 
(P < 0.001; ŋ² = 0.879). Post-hoc analysis indicated that cadence was significantly higher in 214 
CAD condition compared to CON (P < 0.001; d [95%CI] =  2.0 [1.1 – 3.0]) and FOR (P < 215 
0.001; d [95%CI] = 1.4 [0.7 – 2.1]) conditions. Similarly, cadence was significantly higher in 216 
CADFOR compared to CON (P < 0.001; d [95%CI] = 2.2 [1.3 – 3.2]) and FOR (P < 0.001; d 217 
[95%CI] = 1.6 [0.89 – 2.3]). All mean, standard deviations, p-values and effect sizes for the 218 
footstrike angle, running speed and running cadence for each condition are available in Table 219 
1. 220 
 221 
Effect of running retraining on low- and high-frequency components of impact-related 222 
parameters 223 
Effect of running retraining on high-frequency components of impact-related parameters 224 
Repeated measures ANOVA highlighted a significant difference in impact peak between 225 
conditions (P < 0.001; ŋ² = 0.773). Post-hoc analysis indicated that impact peak was 226 
significantly smaller in FOR condition compared to CON (P < 0.001; d [95%CI] =  2.0 [1.1 – 227 
3.0]) and CAD (P < 0.001; d [95%CI] = 1.4 [0.6 – 2.2]) conditions. Similarly, impact peak was 228 
significantly smaller in CADFOR compared to CON (P < 0.001; d [95%CI] = 2.3 [1.2 – 3.4]) 229 
and CAD (P < 0.001; d [95%CI] = 1.7 [0.8 – 2.5]) conditions. Finally, impact peak was 230 
significantly smaller in CAD compared to CON (P = 0.006; d [95%CI] = 0.6 [0.06 – 1.1]) 231 
condition. 232 



Repeated measures ANOVA highlighted a significant difference in time-to-impact peak 233 
between conditions (P = 0.049; ŋ² = 0.132). Post-hoc analysis indicated that time-to-impact 234 
peak was significantly higher in CADFOR condition compared to CON (P = 0.024; d [95%CI] 235 
=  0.6 [4.2x10-5 – 1.2]) condition. 236 
Repeated measures ANOVA highlighted a significant difference in AVLR between conditions 237 
(P < 0.001; ŋ² = 0.743). Post-hoc analysis indicated that AVLR was significantly smaller in 238 
FOR condition compared to CON (P < 0.001; d [95%CI] =  2.0 [1.0 – 2.9]) and CAD (P < 239 
0.001; d [95%CI] = 1.4 [0.6 – 2.2]) conditions. Similarly, AVLR was significantly smaller in 240 
CADFOR compared to CON (P < 0.001; d [95%CI] = 2.2 [1.2 – 3.3]) and CAD (P < 0.001; d 241 
[95%CI] = 1.7 [0.8 – 2.5]) conditions. Finally, AVLR was significantly smaller in CAD 242 
compared to CON (P = 0.029; d [95%CI] = 0.5 [0.01 – 1.1]) condition. 243 
Repeated measures ANOVA highlighted a significant difference in IVLR between conditions 244 
(P < 0.001; ŋ² = 0.427). Post-hoc analysis indicated that IVLR was significantly smaller in FOR 245 
condition compared to CON (P < 0.001; d [95%CI] =  0.6 [0.2 – 1.03]) and CAD (P = 0.003; d 246 
[95%CI] = 0.4 [0.05 – 0.7]) conditions. Similarly, IVLR was significantly smaller in CADFOR 247 
compared to CON (P < 0.001; d [95%CI] = 0.7 [0.2 – 1.1]) and CAD (P < 0.001; d [95%CI] = 248 
0.5 [0.1 – 0.9]) conditions. All mean, standard deviations, p-values and effect sizes for the 249 
impact peak, time-to-impact peak, AVLR and IVLR for each condition are available in Table 2. 250 
Individual responses of the impact peak, time-to-impact peak, AVLR and IVLR across running 251 
retraining interventions are show in Figure 3. 252 
 253 
Effect of running retraining on low-frequency components of impact-related parameters  254 
Repeated measures ANOVA highlighted a significant difference in active peak between 255 
conditions (P < 0.001; ŋ² = 0.501). Post-hoc analysis indicated that active peak was significantly 256 
smaller in CAD condition compared to CON (P < 0.001; d [95%CI] =  0.3 [0.06 – 0.7]), FOR 257 
(P < 0.001; d [95%CI] = 0.8 [0.3 – 1.2]) and CADFOR (P < 0.001; d [95%CI] =  0.6 [0.2 – 258 
0.9]) conditions. Conversely, active peak was significantly higher in FOR compared to CON (P 259 
< 0.001; d [95%CI] = 0.4 [0.09 – 0.7]) condition. 260 
Repeated measures ANOVA highlighted a significant difference in time to active peak between 261 
conditions (P < 0.001; ŋ² = 0.435). Post-hoc analysis indicated that time to active peak was 262 
significantly smaller in CAD condition compared to CON (P < 0.001; d [95%CI] =  0.6 [0.2 – 263 
1.0]) and FOR (P = 0.004; d [95%CI] =  0.3 [0.04 – 0.7]) conditions. Similarly, time to active 264 
peak was significantly smaller in CADFOR condition compared to CON (P < 0.001; d [95%CI] 265 
=  0.6 [0.2 – 1.0]) and FOR (P = 0.004; d [95%CI] =  0.3 [0.03 – 0.7]) conditions. Finally, time 266 
to active peak was significantly smaller in FOR condition compared to CON (P = 0.049; d 267 
[95%CI] =  0.2 [0.03 – 0.6]) condition. All mean, standard deviations, p-values and effect sizes 268 
for the active peak and time to active peak for each condition are available in Table 2. Individual 269 
responses of the active peak and time to active peak across running retraining interventions are 270 
show in Figure 3. 271 
 272 
Discussion 273 
The research objective of this study was to examine the influence of adopting a forefoot strike 274 
pattern or increasing running cadence by 10% on the high- and low-frequency components of 275 



impact forces during running. Our results confirm the hypothesis that adopting a forefoot strike 276 
pattern or increasing the running cadence decreases the impact peak and the AVLR measured 277 
in the high-frequency signal compared to the control condition. Increasing the running cadence 278 
by 10% reduces the impact peak and AVLR measured in the high-frequency signal by 20% and 279 
15%, respectively. Interestingly, adopting a forefoot strike pattern reduces the impact-related 280 
parameters measured in the high-frequency signal by nearly three times more than increasing 281 
running cadence by 10% alone (impact peak: -53%, AVLR: -57%). In addition, adopting a 282 
forefoot strike pattern also reduces the IVLR measured in the high-frequency signal whereas 283 
increasing running cadence alone does not affect the IVLR measured in the high-frequency 284 
signal. Finally, combining a 10% increase in running cadence and a forefoot strike pattern is 285 
the most efficient running retraining to reduce high-frequency components of impact-related 286 
parameters. Indeed, a combination of a 10% greater running cadence and forefoot strike pattern 287 
reduces the high-frequency components of the impact peak by 61%, the AVLR by 64% and the 288 
IVLR by 43%. The reduction in impact-related variables associated with forefoot striking may 289 
be attributed to changes in the point of initial contact and ankle stiffness 16. Rearfoot strike 290 
typically results in impact beneath the ankle joint, producing a plantarflexion moment. 291 
Therefore, the ankle transfers little translational energy into rotational energy, resulting in 292 
higher effective mass and increased impact forces 16. In contrast, forefoot strike initiates contact 293 
at the anterior portion of the foot, creating a dorsiflexion moment at the ankle, which is 294 
controlled by the triceps surae and the Achilles tendon 16. This mechanism allows a portion of 295 
the translational kinetic energy to be converted into rotational kinetic energy around the ankle, 296 
reducing effective mass due to lower ankle stiffness 16. On the other hand, increasing the 297 
running cadence reduces the centre of mass vertical displacement and stride length, thereby 298 
reducing vertical impact forces 10. Previous studies have shown that adopting a forefoot strike 299 
pattern reduces the high-frequency components of impact-related loading. Gruber et al. (2017) 300 
reported lower maximum power, a reduction in the frequency at which peak power occurs, and 301 
a decrease in the weighted mean pseudo-frequency in forefoot compared with rearfoot strike. 302 
Similarly, Gruber et al. (2014) found lower peak tibial acceleration and reduced signal power 303 
in the higher frequency range (9–20 Hz) in forefoot strike runners. Accordingly, the reductions 304 
in high-frequency impact peak and loading rates observed in the present study would be 305 
expected to coincide with lower maximum power and a shift toward lower dominant 306 
frequencies. Finally, our findings are consistent with previous studies that conducted 307 
conventional time-domain analyses without separating the signal into low- and high-frequency 308 
components. Such studies report that transitioning to a forefoot strike pattern can acutely reduce 309 
AVLR by 31–47% and IVLR by 17–47%, while increasing cadence by 10% yields an 310 
approximate 8% reduction in AVLR but no measurable change in IVLR 4,13,15,23,29. 311 
Interestingly, adopting a forefoot strike pattern increased the active peak measured in the low-312 
frequency signal, whereas a 10% increase in cadence reduced it compared with the control 313 
condition. These findings are consistent with a previous study showing that forefoot striking is 314 
associated with a greater ankle plantarflexor moment during mid-stance, which enhances the 315 
vertical ground reaction force before the propulsion phase 27. This increase in plantarflexor 316 
demand indicates an increased requirement to support body weight vertically during mid-317 
stance, which likely explains the greater active peak observed with forefoot striking.. 318 



Conversely, increasing running cadence reduces step length and consequently decreases the 319 
mechanical demand needed to support body weight during mid-stance, which may explain the 320 
lower active peak observed in the present study. 321 
Recent results from a randomised controlled trial involving over 800 runners suggest that higher 322 
AVLR measured in the high-frequency signal is associated with increased risk of RRIs 17. Our 323 
findings indicate that a running retraining intervention combining a forefoot strike pattern and 324 
a 10% higher cadence may reduce the high-frequency components of the AVLR by 64%. 325 
Therefore, adopting a forefoot strike pattern and increasing running cadence may reduce the 326 
risk of RRIs by lowering the high-frequency component of the AVLR. However, injury 327 
development is not solely determined by the magnitude or frequency content of the impact 328 
forces, but also by how the body responds to and attenuates the vibrations induced by these 329 
impacts 21. Different running strategies may modify both the mechanical input and the body’s 330 
capacity to dissipate high-frequency vibrations, thereby influencing the mechanical load 331 
experienced by tissues 21. Prospective studies are needed to explore if an intervention targeting 332 
an impact reduction of the high-frequency signal could reduce the risk of RRIs. 333 
Several limitations should be considered before generalising the results of this study. First, the 334 
study sample was predominantly male (n = 24), and sex-specific responses to running retraining 335 
may differ. Caution is therefore warranted when generalising the findings to female runners 28. 336 
Second, the protocol was conducted in a laboratory on a 27.5-metre straight runway, requiring 337 
participants to turn frequently, which may have introduced biomechanical variability and 338 
reduced gait stability compared to treadmill running 14. Third, a standardised running shoe was 339 
used to control for cushioning effects. Since participants were unfamiliar with the model, this 340 
may have influenced their natural running biomechanics 12. Finally, it was not possible to 341 
impose a precise foot strike angle during the running protocol. Although mean foot strike angle 342 
values were similar between the cadence and control conditions, unintentional shifts toward a 343 
more anterior foot strike cannot be entirely excluded. Therefore, the effects attributed to 344 
cadence retraining may partially reflect concurrent modifications in foot strike pattern. 345 
 346 
Conclusion 347 
In conclusion, adopting a forefoot strike pattern reduces high-frequency components of impact-348 
related parameters nearly three times more than increasing running cadence by 10% alone. 349 
However, combining a forefoot strike pattern with a 10% increase in running cadence appears 350 
to be the most effective running retraining strategy for reducing high-frequency components of 351 
impact-related parameters. This combined approach may contribute to lowering the incidence 352 
of RRIs, although prospective interventional studies are required to confirm this potential 353 
benefit. 354 
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 454 

Legends 455 

Table 1. Comparison of footstrike angle, running speed and running cadence between running 456 
conditions to ensure protocol validity. 457 
 458 
Table 2. Comparison of impact-related parameters of low- and high-frequency components of 459 
impact-related parameters between conditions. 460 

Figure 1. Illustration of the experimental setup. 461 

Figure 2. Example of curves from one participant showing an identified impact peak on the 462 
vertical ground reaction force (GRF) signal. The blue line represents the participant’s vertical 463 
GRF signal, while the red and green lines correspond to the reconstructed high-frequency (HiF) 464 
and low-frequency (LoF) components, respectively. 465 

Figure 3. Individual responses of impact-related parameters across running retraining 466 
interventions (CON = Control; CAD = Cadence +10%; FOR = Forefoot strike pattern; 467 
CADFOR = Cadence +10% and Forefoot strike pattern). Facets display individual data points 468 
per condition, grouped by subject. Metrics include impact peak, time to impact peak (time to 469 
IP), average vertical loading rate (AVLR) and instantaneous vertical loading rate (IVLR) of the 470 
HiF and active peak, time to active peak (Time to AP) of the LoF, BW = Body weight. 471 


