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Abstract 43 

Exertion may alter running mechanics and increase injury risk. Effects of 44 

exertion following gait-retraining are unknown. Objectives: To determine how exertion 45 

effects load-rates, footstrike, and cadence in runners following a transition to forefoot 46 

strike (FFS) or increased cadence (CAD) gait-retraining. Methods: 33 (9M, 24F) 47 

healthy rearfoot strike runners were randomized into CAD or FFS groups. All runners 48 

received strengthening exercises and gait-retraining. 3D kinetic and kinematic motion 49 

analysis with instrumented treadmill at self-selected speed was performed at baseline & 50 

1-week post-intervention, including an exerted run.  Exertion was > 17 on Borg’s Rating 51 

of Perceived Exertion scale or voluntary termination of running. Results: Within group 52 

comparisons between fresh and exerted running: Cadence not affected in either 53 

group.  Foot angle at contact became less plantarflexed in FFS (-2.2°, +0.4) and was 54 

unchanged in CAD.  Both groups increased vertical average load-rate (FFS +16.9%, 55 

CAD +13.6%).  CAD increased vertical stiffness (+8.6 kN/m). FFS reduced ankle 56 

excursion (1.8°).  (p<0.05 for all values listed) 57 

Conclusion: Both FFS and CAD exhibited increased load-rates with 58 

exertion.  Variables that may have increased load-rates were different for each group. 59 

CAD runners had increased vertical stiffness while FFS runners had reduced 60 

plantarflexion at contact and reduced ankle dorsiflexion excursion. 61 

 62 

 63 

 64 
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INTRODUCTION  66 

 Increased rates of vertical impact loading may result in injury to the 67 

musculoskeletal system.20,44  Load rates that occur in running are highly influenced by 68 

the way the foot contacts the ground.23 A recent study suggests that 95% of recreational 69 

runners strike the ground with their heel first and are classified as rearfoot strikers 70 

(RFS).2 Typically, RFS runners have an impact peak in the vertical ground reaction 71 

force (VGRF) curve shortly after initial contact of the foot with the ground. The 72 

associated rapid rate of vertical loading with this impact peak has been related to 73 

specific running injuries such as tibial stress fractures and plantar fasciitis.26,33,44 Several 74 

gait retraining studies have shown short and long-term effects that may reduce risk of 75 

tibial stress fractures, patellofemoral pain, and overall injury.6,7,30,37,42  Therefore, 76 

interventions that can produce lasting reductions in excessive vertical impact forces and 77 

load rates have become popular clinical strategies to reduce the risk of running-related 78 

injuries.20,44  79 

 Two interventions aimed at reducing vertical load rates are increasing cadence 80 

by 5-10% (while maintaining a consistent speed) and transitioning from a RFS to a 81 

forefoot strike pattern.7,42 Although both of these gait-retraining strategies have been 82 

shown to reduce impact loads39,42,14, evidence is lacking regarding if gait changes 83 

persist as a runner is further exerted.  Higher levels of exertion have been found to alter 84 

neuromuscular coordination and influence the runner’s ability to attenuate loading.27 85 

Thus, when exerted, runners may increase the risk of impact-related injuries. 86 

Specifically in the lower limb, exertion leads to imbalances in muscle contraction along 87 

with increased shock acceleration, a combination that can lead to increased tibial stress 88 
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fracture risk.27 Along with tibial stress fractures, excessive loading has also been linked 89 

to specific running injuries such as patellofemoral pain and plantar fasciitis24,26,33. 90 

Because runners often reach an exerted state, it is important to understand if injury 91 

prevention strategies, such as gait-retraining to reduce load rates, have lasting effects 92 

under these conditions. 93 

 Exertion is a natural component of exercise, but is often accompanied by 94 

alterations in mechanics. A number of studies have found that the mechanics 95 

associated with exertion may contribute to injury.16,26,27 Changes in running mechanics 96 

brought about by exertion or fatigue vary in the literature, likely because the levels of 97 

exertion vary greatly between study protocols.  Further, different methods are used to 98 

exert runners, such as altering speed and/or gradient, using physiologic markers such 99 

as VO2max, or simply allowing a runner to report level of exertion. Altered mechanics with 100 

exerted running may include altered joint angles, changes in step length, and increased 101 

impact loading. 9,11,12,27  Two large observational studies, in which runners were able to 102 

vary their speed, found that runners using mid or forefoot strike patterns tend to adopt a 103 

rearfoot strike pattern over the course of a long distance run.17,21 Other studies, all of 104 

which kept runners at a constant speed, have reported increased plantarflexion at initial 105 

contact in RFS runners who were exerted.8,9,12 Reports of altered knee angle with 106 

exertion have been mixed, despite all studies keeping runners at a constant speed. 107 

Some studies have found greater knee flexion or internal rotation at contact11,12,28, while 108 

others have found no significant changes in knee kinematics.8,9,12 Regarding changes in 109 

step length or cadence, some authors have found increased step length (or reduced 110 

cadence) with exertion13,16,28 , while others have found that step length remains 111 
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constant.9  Findings regarding the effects of exertion on impact mechanics have been 112 

more consistent.  Most studies, all of which kept runners at a constant speed, have 113 

found increased impact loading with high levels of exertion.8,9,11,27 Only one study found 114 

reduced loading in female runners who were exerted.14 These runners were exerted 115 

with progressive increases in speed and gradient, but data collected on their “fatigued 116 

run” was at self-selected speed.  Because excessive impact loads may lead to specific 117 

running injuries, and because high levels of exertion increase impact loads, 118 

interventions to reduce running impacts need to remain effective under these 119 

conditions. 120 

 The short and long-term effects of a transition to forefoot strike (FFS) and 121 

increased cadence (CAD) gait retraining programs on vertical load rates have been 122 

previously published (Results: Appendix Table A1).14 The purpose of the present study 123 

was to determine the effects of exertion on the persistence of the changes in recently 124 

retrained mechanics in RFS runners. We hypothesized that both groups would 125 

demonstrate greater vertical load rates in an exerted state compared to a fresh state. We 126 

hypothesized increased load rates in the exerted state would be due to decreased 127 

cadence in the CAD group and a less plantarflexed foot angle at initial contact in the FFS 128 

group.   129 

 METHODS 130 

 The institutional review board of the Spaulding Rehabilitation Network Research 131 

Institute approved all activities and subjects provided informed consent before any 132 

procedures took place. The gait retraining methods and pre and post gait-retraining 133 

measures of primary variables are presented in brief in the Appendix and are fully 134 
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published elsewhere.14 135 

Participants 136 

  Participants were healthy recreational runners ages 18-50 years and currently 137 

running 8-24 kilometers per week.  They were injury-free for the past 3 months, with no 138 

history of stress fracture to the foot or ankle and with no conditions that permanently 139 

altered gait. Those that met these criteria performed a treadmill screening to determine 140 

their habitual cadence and footstrike pattern. Based on visual inspection, subjects who 141 

exhibited a RFS and cadence < 170 steps/minute were included.  As a result, thirty-three 142 

volunteers (9M, 24F) were invited to participate. A single researcher (EF) used a 143 

computer-generated block randomization scheme (Microsoft Excel) based on age and 144 

sex (block size=4) to assign subjects to a forefoot strike (FFS) or increased cadence 145 

(CAD) intervention group (Figure 1). The randomization of age and sex was to create 146 

equal distribution in both groups as these factors have been linked with differences in 147 

running biomechanics.32 Participants in the FFS and CAD groups were similar in age, 148 

speed, distance, and anthropometrics at the baseline analysis (Table 1). 149 

Data Collection 150 

 Subjects underwent a baseline gait analysis wearing laboratory neutral cushioned 151 

shoes (Nike Air Pegasus) to determine their habitual mechanics. They were fitted with 70 152 

retroreflective markers (44 tracking, 26 anatomical), on the head, trunk, upper, and lower 153 

extremities. Calcaneal markers were placed directly on the skin through holes cut into the 154 

shoes. Participants performed a static alignment trial, followed by a running analysis. 155 

They ran on an instrumented treadmill (AMTI, Watertown, MA, USA) for a 3-minute warm 156 

up and speed was adjusted to their self-selected long run pace.  3D motion capture was 157 
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performed using an 8-camera system sampled at 250Hz (Vicon, Oxford, United 158 

Kingdom), and an instrumented treadmill sampled at 1500Hz. Kinetic and kinematic data 159 

were recorded for 20 seconds and 10 consecutive right footstrikes were used for data 160 

analysis. In addition, high speed cameras recorded footstrike, and these were visually 161 

confirmed and compared with kinetic and kinematic data. 162 

Interventions 163 

 Following baseline analysis, participants were given a 4-week independent 164 

strengthening program to prepare musculoskeletal tissues for demands of a new running 165 

gait. The FFS group were provided minimal shoes (Inov-8 Bare XF 210) as part of their 166 

intervention, as this has been found to further encourage a forefoot strike landing. 167 

Numerous studies have found minimal footwear is necessary to produce a correct forefoot 168 

strike pattern.19,31,36,40 The CAD group received neutral traditional cushioned shoes (Inov-169 

8 Road Claw 275), as footstrike was not expected to change with increased cadence gait 170 

retraining.1,18 Gait retraining consisted of 8 sessions in a 2-3 week period depending on 171 

participants’ availability. This schedule was chosen based on previous gait retraining 172 

studies.7,10,30,43 Auditory feedback with a faded-feedback design was used for both 173 

groups. Over the 8 sessions, run time was gradually increased from 10-30 minutes while 174 

auditory feedback was systematically reduced.30,37,43 Runners had continuous feedback 175 

for the first 4 sessions, then progressively reduced feedback at the beginning, middle, 176 

and end of the run for the last 4 sessions.  The CAD group was instructed to match their 177 

footstrikes to the beat of an auditory metronome to increase cadence by 7.5% above their 178 

initial screening measure. The FFS group wore a wireless accelerometer on the distal 179 

medial tibia (Noraxon USA, Scottsdale, AZ).  The accelerometer provided an auditory 180 
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signal if the acceleration signal indicated that subjects landed on their heel with a RFS 181 

pattern, or exhibited an uncontrolled heel descent.  When all sessions of gait retraining 182 

were complete, subjects were encouraged to use their new gait independently and were 183 

given written instructions on how to safely progress running distance. 184 

Exerted Run Protocol 185 

 One week after the final gait retraining session, participants returned for a follow-186 

up gait assessment. The first portion of this analysis was considered the “fresh state”, 187 

and was identical to the set up and running speed performed at the baseline analysis. 188 

Runners were then allowed to rest for 5 minutes. Because recreational runners rarely 189 

work to exhaustion or maximal effort, a submaximal effort was purposeful in the design 190 

of the exerted run.  Analyzing runners in a submaximal exerted state, typical of a 191 

training run, may be more ecologically valid for the majority of running this population 192 

engages in. For the exerted run, speed was increased by 10% above the self-selected 193 

speed performed during the fresh state.  While running at the increased speed, runners 194 

were asked to report a number from Borg’s Rating of Perceived Exertion Scale (RPE) 195 

every 5 minutes.3 A runner was considered adequately exerted if they achieved a score 196 

> 17 (“very hard”; score range 6-20) on the RPE scale, or if they were unable to 197 

maintain the run speed and asked to slow down to their original speed. Once exertion 198 

was reached for either reason, runners were returned to their original self-selected run 199 

speed for two minutes before 20 seconds of running data were recorded for the “exerted 200 

state”. Time to exertion and heart rate at time of exertion were also recorded. 201 

Data Processing 202 

 Researchers were blinded to intervention group and performed data processing 203 
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using Visual3D software (C-motion, Germantown, MD) and customized MATLAB code 204 

(MathWorks, Natick, MA). Kinetic and kinematic data were filtered using a 4th order, low 205 

pass Butterworth filter with cut-off values of 50Hz and 12Hz respectively.  206 

 The primary variables of interest were cadence, foot angle at initial contact, and 207 

vertical average and instantaneous load rates (VALR, VILR). Cadence was defined as 208 

step frequency (i.e., left-right), and was determined from the number of contacts per 209 

minute derived from the vertical ground reaction force data. Foot angle was determined 210 

by the angle between the lateral foot and the laboratory coordinate system, with zero 211 

degrees being the value obtained during the static trial. A negative angle (plantarflexion) 212 

indicated a FFS, a positive angle (dorsiflexion) indicated a RFS, and an angle of zero 213 

indicated a midfoot strike. Vertical load rates were calculated using a previously published 214 

method.14,15 There were three different types of vertical ground reaction force curves 215 

produced by running subjects: one with an impact peak, one with an impact transient (with 216 

no local maxima), and one with neither an impact peak nor a transient. For each type of 217 

curve, a point of interest (POI) was identified to determine the area over which the load 218 

rate was calculated. The POI was the point just before the slope reduced by 15 body 219 

weights per second and had to exceed a subject’s body weight. The slope of the most 220 

linear portion of the curve from footstrike to the POI was considered the vertical load rate 221 

zone. The vertical average load rate (VALR) was defined as the average slope of the 222 

VGRF curve in the region 20-80% of the curve from footstrike to POI.  The vertical 223 

instantaneous load rate (VILR) was defined as the steepest slope of two consecutive 224 

points on the VGRF curve in the region 20-100% of the curve from footstrike to POI.  225 

 After the primary results were obtained, a secondary analysis was conducted to 226 
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seek an explanation for these results. The secondary variables were selected as they are 227 

likely factors that may influence load rates. Secondary variables of vertical stiffness during 228 

initial loading (VSIL) and sagittal plane knee and ankle excursions from initial loading to 229 

the first 50% of stance of gait were assessed.  Knee flexion excursion was calculated as 230 

the difference between peak knee flexion in the first 50% of stance and knee flexion at 231 

initial contact. Ankle dorsiflexion excursion was calculated as the difference between the 232 

minimal dorsiflexion angle (or peak plantarflexion angle in the FFS group) and peak 233 

dorsiflexion angle in the first 50% of stance. As vertical stiffness is related to load rate, it 234 

was also calculated in the region of initial loading, which corresponded to the VALR region 235 

of the VGRF curve.  Vertical stiffness was calculated as the ratio of the maximum VGRF 236 

(in the VALR region) to the maximum vertical displacement of the center of mass (COM) 237 

in the VALR region. COM excursion was determined by double integration of the vertical 238 

ground reaction force. This method is similar to that used in a study regarding vertical 239 

stiffness during a single leg hop test.41 The COM displacement was referenced to the 240 

COM position at initial contact.  241 

Statistical Analysis 242 

 Statistical analysis was performed using SPSS Version 25. The a priori power 243 

analysis for the current investigation considered the variable with the least expected 244 

change (load rates with exertion) to calculate the minimum number of participants 245 

necessary to be recruited. Results indicated to achieve 0.90 power, with alpha set at p < 246 

0.05 and a moderate effect (Cohen’s d > 0.70), at least 14 cases per group for a total of 247 

28 cases would be necessary. To account for a potential 15% participant attrition, a total 248 

of 34 participants was the aim of recruitment. Statistical outliers for each variable of 249 
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interest were removed using the “median absolute deviation” (MAD) method of Leys et 250 

al22, and modified based on Mullineaux and Irwin29, using a more conservative t-statistic 251 

for scaling, resulting in detection of fewer outliers. This method is more statistically 252 

robust than using the more common standard deviation-based outlier removal methods 253 

(e.g. mean + 3 standard deviations). Where outliers were detected, the t-statistic was 254 

adjusted between 0.01 and 0.001 so there were 2 or fewer outliers removed in each 255 

analysis.  The number of subjects included for each variable’s analysis is listed in the 256 

Appendix. Vertical load rates (VILR, VALR), cadence, and foot angle at initial contact 257 

changes between fresh and exerted running were assessed within each intervention 258 

group using paired sample t-tests. In addition, difference scores of VALR and cadence 259 

in the CAD group and VALR and foot angle in the FFS group were analyzed. 260 

RESULTS  261 

 No differences were noted in the subject baseline characteristics (Table 1).  The 262 

variables relating to exertion were also generally similar between groups (Table 2).  Time 263 

to exertion and level of exertion were similar between groups.  However, more subjects 264 

stopped the exerted run due to an RPE >17 in the FFS group, while in the CAD group 265 

more stopped the exerted run due to having to reduce speed. Changes between fresh 266 

state and exerted state running within each group in the kinematic and kinetic variables 267 

are seen in Figures 2-5, with data for the means (SD), p values, and effect sizes provided 268 

in the Appendix (Table A2). 269 

Increased Cadence Group 270 

  The CAD group increased VALR significantly (13.6%) when in the exerted state. 271 

For VILR, the CAD group’s increase (7.7%) did not reach significance (p=0.06, effect size 272 
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0.4). Within the CAD group, cadence was not significantly changed with exerted running 273 

(Figure 3A). For secondary variables, there were no changes in knee or ankle excursion 274 

angles with exertion for CAD runners (Figure 4, Table A2).  However, VSIL was 275 

significantly increased with exertion (Figure 5, Table A2). 276 

Forefoot strike group 277 

The FFS group increased VALR significantly (16.9%) when in the exerted state 278 

(Figure 2, Table A2). VILR also increased significantly (14.8%) in the FFS group. In the 279 

FFS group, foot angle at initial contact became less plantarflexed by 2.2° (p=0.01), which 280 

was associated with a moderate effect size (d=0.5) (Figure 3B, Table A2). Two runners 281 

fully transitioned to a RFS while all others had a reduced plantar flexion angle. In addition, 282 

ankle excursion significantly reduced with exerted running for the FFS group, but knee 283 

flexion was not (Figure 4, Table A2).  There were no significant changes in VSIL for the 284 

FFS group (Figure 5, Table A2).  285 

Individual subject data within groups 286 

The increase in VALR for the CAD group with exerted running, in the absence of 287 

a change in cadence, led us to look more closely at individual subject data within this 288 

group. We observed no relationship between CAD and VALR.  We noted both increases 289 

and decreases in cadence during exertion for CAD runners (Figure 6A).  These changes 290 

were also accompanied by a wide range of load rate changes.  In contrast, individual 291 

subject data within the FFS group did not display a wide range of load rate changes. The 292 

FFS group exhibited a significant positive correlation between VALR and foot strike angle.  293 

Specifically, the foot became more dorsiflexed with exerted running and this was 294 

associated with an increase in the load rates (Figure 6B).  295 
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DISCUSSION  296 

 The purpose of this study was to examine whether newly retrained gait patterns of 297 

increasing cadence and transitioning to a forefoot strike pattern persisted under exerted 298 

conditions.  It was hypothesized that the new patterns would degrade with exertion.  299 

Specifically, it was anticipated that the CAD group would reduce their cadence and the 300 

FFS group would reduce their plantarflexed foot angle at initial contact.  As a result of 301 

these alterations in mechanics, we expected both groups would exhibit increases in 302 

vertical load rates. 303 

 Contrary to our hypothesis, the CAD group experienced no significant changes in 304 

cadence between fresh and exerted running. Therefore, cadence was not responsible for 305 

the increases in vertical load rates with exerted running in this group. As can be seen in 306 

Figure 7, some individuals increased their cadence, while others decreased their 307 

cadence. However, there was a wide range of change in load rates across the subjects. 308 

In fact, the individual with the largest change in VALR (+25.9 BW/s) with exertion had no 309 

change in cadence (166 steps/min) between fresh and exerted running. Further, 310 

individuals with the greatest increase and greatest decrease in cadence while exerted     311 

(-16.7 steps/min and +14.4 steps/min) had similar increases in VALR (+19.3 BW/s and 312 

+18.0 BW/s respectively). This underscores the lack of relationship between cadence and 313 

load rates, as has been reported previously 15, and suggests other factors are at play.  314 

 In support of our cadence findings, Clansey et al (2012)9 and Derrick et al (2002)11 315 

found no significant changes in step length (inversely related to cadence) when runners 316 

were exerted. This is likely due to similar levels of exertion experienced in our runners 317 

and these previous studies. For instance, our runners and those of Clansey et al reported 318 
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similar RPE scores (16-17 “hard” to “very hard”) during an exerted, or “fatiguing” run.  319 

Derrick et al had participants “run until volitional exhaustion”, defined as, “prevented them 320 

from continuing”. Although we did not instruct runners to exert themselves to exhaustion, 321 

nearly half of the participants in our study (n=14) terminated their exerted run when they 322 

felt they could no longer continue at the increased speed of the exerted run.  In contrast 323 

to our findings, Dutto and Smith13 noted a decrease in stride rate with fatigue and reported 324 

this was strongly correlated with a decrease in stiffness (r=0.85, p<0.01). However, Dutto 325 

and Smith had runners work to exhaustion (based on 80% of peak oxygen consumption), 326 

while our runners reached a submaximal state of exertion. In addition, Dutto and Smith’s 327 

runners ran for 31-90 minutes, while our runners did not exceed 20 minutes, indicating a 328 

likely lower level of exertion. Speed was controlled for our runners, which was also the 329 

case in these other studies. Thus, differences between our results and Dutto and Smith’s 330 

is likely due to differences in level of exertion.  331 

 As we hypothesized, foot angle at initial contact significantly reduced in the FFS 332 

group with the exerted state compared to the fresh state. This was accompanied by a 333 

significant reduction in ankle excursion. This is consistent with the findings of Larson et 334 

al21 who reported that the majority of runners who were forefoot and midfoot strikers at 335 

the 10km point in a race reduced their foot angles (became less plantarflexed) at the 336 

32km point, with a large percentage transitioning to a rearfoot strike. Larson et al 337 

attributed the change in footstrike to fatigue of the plantarflexor muscles. As the FFS 338 

group’s mean foot angle with exerted running was -0.71 degrees, our FFS runners, on 339 

average, did not fully transition to a RFS pattern. Only two individuals transitioned to a 340 

RFS during exerted running. The greater number of runners transitioning to a RFS pattern 341 
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in Larson et al may be related to the longer distance and more competitive nature of their 342 

run.  This likely led to greater levels of exertion. In addition, runners observed by Larson 343 

were engaged in in-field running and likely varied their speed, while our runners 344 

maintained continuous speed. Controlled speed may lead to more subtle changes in gait.  345 

 RFS runners also demonstrate changes in their foot angle with exertion, but in the 346 

opposite direction.  Both Christina et al8 and Clansey et al9 have reported that RFS 347 

runners exhibited less dorsiflexion at initial contact during running likely due to fatigue of 348 

the ankle dorsiflexor muscles.   Interestingly, our CAD runners, who were habitual RFS 349 

did not experience a significant change in foot angle with exertion. However, Christina et 350 

al induced a local fatigue of the ankle dorsiflexor with exercises prior to a controlled speed 351 

treadmill run, which may have influenced the foot angle at contact.  Clansey et al had 352 

subjects perform two 20-minute fatiguing runs with consistent speed determined by 353 

lactate threshold. Therefore, local muscle fatigue in these previous studies may have 354 

been greater than that experienced by runners in the current study.  355 

 VALR and VSIL are related measures as they both incorporate a change in vertical 356 

force over the impact phase of landing.  However, this change is referenced to a change 357 

in time for VALR, but to a change in center of mass excursion with VSIL.  While both 358 

groups exhibited an increase in VALR with the exerted run, only the CAD group exhibited 359 

higher VSIL. Interestingly, this was found in the absence of reductions in knee and ankle 360 

excursions which might have explained the greater stiffness.  Further assessment of joint 361 

kinetics may provide more insight into the cause of the increased vertical stiffness. 362 

Regardless of the cause, the increased stiffness with exertion suggests that runners using 363 

the increased cadence gait style may need to augment their retraining with a program to 364 
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increase their lower extremity compliance during running. This may be accomplished with 365 

activities such as eccentric-emphasized strengthening exercises in the hip, knee and 366 

ankle extensors to mimic the loading response of running. The FFS runners exhibited a 367 

reduction in ankle dorsiflexion excursion with exertion. This is consistent with 368 

observations by Larson et al, in which recreational runners using a FFS pattern adopted 369 

a RFS by the end of a long distance run.21 This change reduces the time over which the 370 

force can be dissipated leading to the increased load rates during running.  Runners 371 

receiving FFS gait retraining may need further emphasis on muscular endurance in the 372 

plantar flexors in order to better dampen the effects of muscle fatigue experienced during 373 

exerted running. 374 

 The increases with exerted running within both our groups were lower than that 375 

observed by Clansey et al9 in VILR (+18.1%) and VALR (+17.3%) during a fatiguing run 376 

in habitual RFS runners.  The lower increase in our study may be due to the retraining 377 

programs that these runners had just undergone to reduce their load rates.  Additionally, 378 

the runners in the present study performed a 4-week foot and ankle-strengthening 379 

program in addition to gait retraining, while the runners in Clansey et al received no 380 

interventions.  These muscles are important in helping to dampen impact during loading. 381 

The strengthening program performed by our subjects may have helped to mitigate the 382 

effects of the local muscle fatigue, resulting in an overall smaller increase in load rates.  383 

Finally, differences in running protocols between Clansey et al and our study could 384 

explain differences in load rates results. Clansey et al based each subject's fatiguing run 385 

speed upon measures of their lactate threshold as opposed to a 10% increase in self-386 

selected speed chosen for our study. Their runners were required to run at the lactate 387 
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threshold speed for two 20-minute bouts. Although level of exertion was similar between 388 

their runners and ours (RPE scores 16-17, “hard” to “very hard”), it is possible running at 389 

lactate threshold speed may have influenced local muscle fatigue, and therefore, effected 390 

loading rates. 391 

 In contrast, Gerlach et al16 found load rates decreased by 11.8% in females who 392 

performed a treadmill run to voluntary exhaustion. Surprisingly, this decrease was 393 

accompanied by an increased step length and slower running cadence, which are thought 394 

to increase load rates. However, there is perhaps a difference in runners’ level of exertion 395 

from Gerlach et al and the present study. Gerlach used a fatiguing protocol that increased 396 

both speed and gradient of the treadmill until voluntary exhaustion. This protocol may 397 

have resulted in changes in increased joint excursions or decreased vertical stiffness that 398 

could result in lower impacts compared to those seen with our exerted run protocol. 399 

 400 

Limitations 401 

 The subjects included in this study were healthy recreational runners with relatively 402 

low weekly mileage.  Therefore, results cannot be extrapolated to injured, elite, or long-403 

distance runners.  The runners in our study underwent the exerted run 1 week after the 404 

completion of their gait retraining intervention. It is arguable they did not have enough 405 

time to adapt to their new gait pattern, and therefore, their performance during the exerted 406 

run may be different had the analysis been at a later date. However, gait analysis during 407 

the exerted had to occur fairly soon after gait retraining to maintain equal experience 408 

using the new gait pattern for all of the runners.  In addition, the exerted running analysis 409 

was performed on a treadmill using a consistent speed.  Although we utilized a subject-410 
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selected speed, runners in the field likely vary their speed under exerted conditions which 411 

may result in different alterations in mechanics.38  412 

    413 

CONCLUSION 414 

 These results suggest that exertion increases vertical load rates in runners who 415 

have recently undergone gait retraining to either increase their cadence or transition to a 416 

forefoot strike pattern.  However, the factors contributing to increased load rates with 417 

exertion were different in each of the two gait retraining interventions. During an exerted 418 

run, FFS runners demonstrated a decrease in plantarflexion at initial contact with an 419 

associated reduction in ankle dorsiflexion excursion, while CAD runners exhibited an 420 

increased vertical stiffness.  Levels of running exertion or fatigue vary widely across the 421 

literature; therefore, comparing biomechanical changes in these conditions is difficult. 422 

Key Points  423 

Findings: Runners who received gait retraining for increasing cadence or transitioning 424 

to forefoot strike had differing responses to exerted running. Exerted running resulted in 425 

reduced plantarflexion at initial contact and reduced ankle excursion for FFS runners. 426 

Exertion did not influence changes in running cadence, but resulted in increased vertical 427 

stiffness in CAD runners. Vertical load rates increased with exerted running for all 428 

runners, but to a lesser extent as in previous studies, perhaps due to the newly 429 

retrained patterns aimed at reducing load rates. 430 

Implications: Interventions aimed at reducing impact loading may help mitigate the 431 

negative effects of exerted running on newly trained gait patterns.  FFS retrained 432 
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runners may need additional plantarflexor endurance training, while CAD retrained 433 

runners may need lower extremity compliance training such as quadricep eccentric-434 

emphasized strengthening. 435 

Caution: This investigation included healthy recreational runners with low weekly 436 

mileage. Extrapolating these results to injured or elite runners should be done with 437 

caution.438 
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APPENDIX 
 
 
Table A1.  Previously published pre and post gait-retraining values for variables of 
interest.14 Means (SD). Negative value for foot angle indicates plantarflexion at initial 
contact. (CAD – increased cadence group, FFS – forefoot strike group, VILR and VALR 
– vertical instantaneous and average load rates). 

 
 VILR 

pre                    post 

VALR 

pre                   post 

Cadence 

pre                    post 

Foot Angle 

pre             post 

CAD 72.8  
(24.1) 

66.6  
(14.2) 

57.9  
(19.9) 

49.8  
(9.4) 

160.3 
 (6.1) 

171.7 
(7.6) 

14.0 
(2.5) 

12.5 
(6.5) 

FFS 73.1  
(25.6) 

42.5  
(11.3) 

58.4  
(21.0) 

29.4  
(5.2) 

160.8  
(8.5) 

170.7 
(11.3) 

14.3 
(4.3) 

-3.4 
(4.4) 

 
Table A2.  Within group comparisons of Fresh vs. Exerted states for primary and 
secondary variables. Means (SD). n= number of subjects analyzed for each variable.   
* Indicates significant difference (p< 0.05) between fresh and exerted running. (IC - initial 
contact; Knee Flx Exc - knee flexion excursion in sagittal plane, Ankle Exc - ankle 
excursion in sagittal plane). 
  

Forefoot strike group 
(FFS) 

n FFS Fresh FFS Exerted p-value Effect size 

Primary 
VILR (BW/s) 

 
15 

 
46.9 (15.3) 

 
53.9 (22.2) 

 
0.05* 

 
0.4 

VALR (BW/s) 14 30.6 (6.3) 35.8 (11.1) 0.03* 0.6 

Cadence (steps/min) 15 172.5 (10.7) 170.0 (6.3) 0.21 0.3 

Foot Angle IC (degrees) 
 
Secondary 

16 -2.9 (4.4) -0.71 (4.8) 0.01* 0.5 
 

Knee Flx Exc (degrees) 16 20.3 (4.2) 20.9 (5.0) 0.30 0.1 

Ankle Exc (degrees) 16 29.6 (4.7) 27.8(4.4) 0.01* 0.4 

Vertical Stiffness (kN/m) 14 29.2 (5.7) 32.6 (10.1) 0.29 0.4 

      

Increased cadence group 
(CAD) 

n CAD Fresh CAD Exerted p-value Effect size 

Primary 
VILR (BW/s) 

 
17 

 
67.7 (14.2) 

 
72.9 (14.9) 

 
0.06 

 
0.4 

VALR (BW/s) 17 52.4 (12.4) 59.6 (12.6) 0.01* 0.6 

Cadence (steps/min) 17 170.9 (7.7) 168.8 (5.9) 0.25 0.3 

Foot Angle IC (degrees) 
 
Secondary 

16 12.6 (6.7) 11.7 (3.8) 0.17 0.2 
 

Knee Flx Exc (degrees) 17 25.4 (2.8) 24.9 (3.5) 0.49 0.2 

Ankle Exc (degrees) 16 18.8 (3.5) 17.6 (2.1) 0.14 0.4 

Vertical Stiffness (kN/m) 17 41.8 (8.9) 50.3 (17.9) 0.01* 0.6 
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TABLE 1. Subject characteristics at baseline. Means (SD). (FFS – forefoot strike group, 
CAD – increased cadence group) 

 FFS n=16 (5 male) CAD n=17 (4 male) 

Age (years) 29.7 (4.8) 29.7(6.5) 

Height (m) 1.7 (0.06) 1.7 (0.1) 

Weight (kg) 70.2 (12.1) 65.0 (11.3) 

Average km/week 14.3 (4.9) 15.2 (4.4) 

Self-selected speed (m/s) 2.5 (0.2) 2.6 (0.2) 
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TABLE 2. Variables of exertion for FFS and CAD groups. Means (SD). (FFS – forefoot 
strike group, CAD – increased cadence group) 

 FFS (n=16) CAD (n=17) 

10% increased Speed (m/s) 2.7 (0.2) 2.9 (0.2) 

Time to Exertion (min) 19.4 (8.2) 20.6 (10.6) 

Average RPE at Exertion 16.6 (1.0) 16.5 (1.1) 

Average HR at Exertion (bpm) 170.1 (19.0) 171.6 (17.3) 

# subjects stopped by RPE > 17 11  8  

# subjects stopped due to inability 

to maintain speed 

5  9  
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FIGURE 1. 
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FIGURE 3.  
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FIGURE 5. 
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FIGURE 6.  
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Figure 1. Flow diagram of study progression. (CAD – increased cadence group, FFS – forefoot 
strike group) 
 
Figure 2. Fresh and exerted state means for VILR and VALR (error bars SD). *Indicates 
significant within group difference between fresh and exerted states. (CAD – increased cadence 
group, FFS – forefoot strike group, VILR and VALR – vertical instantaneous and average load 
rates, BW/s – body weights per second). 
 
Figure 3. Fresh and exerted state means for A) cadence in the CAD group, and B) foot angle at 
initial contact in the FFS group (error bars SD). *Indicates significant within group difference 
between fresh and exerted states. (CAD – increased cadence group, FFS – forefoot strike 
group) 
 
Figure 4. Fresh and exerted state means for sagittal ankle excursion from initial contact to 50% 
of stance phase (error bars SD). *Indicates significant within group difference between fresh and 
exerted states. (CAD – increased cadence group, FFS – forefoot strike group) 
 
Figure 5.  Fresh and exerted state means for vertical stiffness (error bars SD). *Indicates within 
group significant difference between fresh and exerted states. (CAD – increased cadence 
group, FFS – forefoot strike group) 
 
Figure 6. Individual participant difference scores of VALR between fresh and exerted running 
for each group.  A) CAD: There is a large spread of the data across both axes with no 
relationship between the change in cadence and change in VALR.  Note that individual (a) with 
no change in cadence exhibited the largest increase in VALR with exertion.  However, the 
individuals with the greatest increase in cadence (b) and greatest decrease in cadence (c) had 
similar changes in VALR with exertion. B) FFS: There is a positive relationship between the 
change in foot angle and change in VALR with an increase in dorsiflexion and increase in VALR 
with exertion. (CAD – increased cadence group, FFS – forefoot strike group, VILR and VALR – 
vertical instantaneous and average load rates). 
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