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A rearfoot strike (RFS) pattern with increased average vertical loading rates (AVLR) while running has been associated with injury. This study evaluated the ability of an instrumented sock, which provides real-time foot strike and cadence audio biofeedback, to transition previously injured military service members from a RFS to a non-rearfoot strike (NRFS) running pattern. Nineteen RFS runners (10 males, 9 females) were instructed to wear the instrumented socks to facilitate a change in foot strike while completing an independent walk-to-run progression and lower extremity exercise program. Kinetic data were collected during treadmill running while foot strike was determined using video analysis at initial (T1), post-intervention (T2), and follow-up (T3) data collections. Nearly all runners (18/19) transitioned to a NRFS pattern following intervention (8 ± 2.4 weeks after the initial visit). Most participants (16/18) maintained the transition at follow-up (5 ± 0.8 weeks after the post-intervention visit). AVLR of the involved and uninvolved limb decreased 29% from initial [54.7 ± 13.2 bodyweights per sec (BW/s) and 55.1 ± 12.7 BW/s] to post-intervention (38.7 ± 10.1 BW/s and 38.9 ± 10.0 BW/s), respectively. This effect persisted 5-weeks later at follow-up, representing an overall 30% reduction on the involved limb and 24% reduction on the uninvolved limb. Cadence increased from the initial to the post-intervention time-point (p = 0.045); however, this effect did not persist at follow-up (p = 0.08). With technology provided feedback from instrumented socks, approximately 90% of participants transitioned to a NRFS pattern, decreased AVLR, reduced stance time and maintained these running adaptations 5-weeks later.
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INTRODUCTION

Running is a popular form of exercise among all military service branches, and it is associated with a high rate of injuries (van Gent et al., 2007; Hauret et al., 2015; Molloy, 2016). Individual kinetic (force) and kinematic (movement) variations in running biomechanics have been proposed as potential risk factors for injury (Ceyssens et al., 2019). Foot strike pattern (FSP) is a kinematic component of running defined by the position of the foot at the point of initial contact with the ground. Approximately 80% of shod runners, those who run with a shoe on, use a rearfoot strike (RFS) pattern (Hasegawa et al., 2007; Lieberman et al., 2010; Almeida et al., 2015). FSPs have been suggested to affect important loading biomechanical variables related to running injury risk to include average vertical loading rate (AVLR), the rate at which force is applied to the body during loading response. It is well documented that AVLRs are greater in individuals who run with a RFS pattern versus a non-rearfoot strike pattern (NRFS) (Lieberman et al., 2010; Zadpoor and Nikooyan, 2011; Goss and Gross, 2013; Almeida et al., 2015; Goss et al., 2015; Miller et al., 2020; Xu et al., 2020). Of note, AVLRs greater than 70 BW/s have been associated with tibial and metatarsal stress fractures (Zifchock et al., 2006; Zadpoor and Nikooyan, 2011), patellofemoral pain syndrome (Johnson et al., 2020), and plantar fasciitis (Pohl et al., 2009). It is plausible that altering running biomechanics to reduce AVLR, and thereby improving shock attenuation, may be beneficial in the treatment and prevention of injuries (van der Worp et al., 2016).

Altering FSP from RFS to NRFS is a gait retraining technique commonly employed by clinicians to prevent and manage injuries (Barton et al., 2016; Roper et al., 2016; Miller et al., 2020). Reductions in AVLR, peak vertical ground reaction force (vGRF) (greatest magnitude of force during one step), and stance time have been achieved in healthy (Huang et al., 2019) and previously injured runners (Diebal et al., 2012; Roper et al., 2016; Miller et al., 2020) after transitioning from a RFS to a NRFS running pattern. Reductions in pain and improvements in function have also been reported following NRFS gait retraining (Roper et al., 2016; Miller et al., 2020). The ideal feedback method, technology, and length of intervention needed to change a person's FSP to achieve these outcomes is unknown and further research is required to address the efficacy and effectiveness of different feedback mechanisms (Tate and Milner, 2010).

Previous reports have shown the effectiveness of real-time biofeedback for gait retraining in healthy and previously injured runners (Cheung and Davis, 2011; Crowell and Davis, 2011; Noehren et al., 2011; Diebal et al., 2012; Willy et al., 2016) with changes maintained at a 1-month follow-up (Crowell and Davis, 2011; Willy et al., 2016). Visual, auditory, and tactile real-time feedback are common techniques used for gait retraining (Vannatta and Kernozek, 2015; Warne et al., 2017; Miller et al., 2020); however, visual feedback may lack real-world utility (Van Hooren et al., 2020) limiting runners to watching a display. Wearable technology with auditory feedback has been reported to successfully manipulate gait technique (Van Hooren et al., 2020) including transitioning FSP in healthy runners (Phanpho et al., 2019; Chan et al., 2020a). However, more research is needed to understand the usefulness and effectiveness of wearable technology with audio biofeedback to transition FSP in previously injured runners (DeJong and Hertel, 2018).

Wearable technology was recently developed which consists of an instrumented sock that is Bluetooth enabled and can provide runners with real-time biofeedback. When this device is paired with a smart device, the user can receive real-time auditory and/or visual biofeedback regarding FSP, cadence, running pace, total distance covered, elevation changes, and stance time. A change in foot strike pattern from RFS to NRFS has been observed in healthy runners when utilizing visual feedback from the instrumented socks (Phanpho et al., 2019). However, there are inherent limitations with visual feedback mechanisms and the gait changes the authors described were only observed acutely. Using other forms of real-time biofeedback with the instrumented sock and longitudinal follow-up to better understand gait retraining retention would be beneficial to explore.

The purpose of this case series was to examine the effectiveness of the instrumented sock to transition previously injured runners to a NRFS running pattern using real-time audio biofeedback at similar time points to previous studies (Cheung and Davis, 2011; Crowell and Davis, 2011; Noehren et al., 2011; Diebal et al., 2012; Willy et al., 2016). Secondarily, we examined pain scores, functional outcome measures, AVLR, cadence, peak vGRF, and stance time throughout the training protocol. We hypothesized the instrumented socks would enable approximately 50% of previously injured runners to transition from a RFS to a NRFS running pattern (Morris et al., 2020). Additionally, we hypothesized that the runners who transitioned to a NRFS pattern would exhibit no increase in pain, increased functional outcome scores, decreased AVLR, increased cadence, and reduced stance time (Miller et al., 2020).



METHODS


Study Design

This was a prospective case series study involving patients recovering from lower extremity injury or surgery. A one-way repeated measures design with three timepoints was utilized (initial, post-intervention, and follow-up) to examine the effectiveness of the instrumented sock to transition patients to a NRFS running pattern. The initial visit (T1) took place at the time of enrollment. After the initial visit, the NRFS intervention was implemented. The post-intervention timepoint (T2) occurred between 6 and 10 weeks after the initial visit to assess the short-term effectiveness of the NRFS intervention. Finally, the follow-up timepoint (T3) took place ~4 weeks after the post-intervention visit to assess retention of the NRFS intervention. The primary outcome for this study was a NRFS running pattern and the secondary outcome of interest was AVLR. Based on an a priori power analysis (G*Power, version 3.1.9.2, Heinrich-Heine-Universitat Dusseldorf, Dusseldorf, Germany) of previously published data (Goss et al., 2015; Morris et al., 2020) using AVLR and cadence for a large effect size (Cohen's d = 0.80) with α set at 0.05, we determined at least nine participants were required for adequate power. To account for an above average attrition and possible injury or re-injury rate, we aimed to enroll a total of 23 runners.



Participants

Inclusion criteria included individuals between 18 and 60 years of age who were a Department of Defense beneficiary (Active Duty Soldier, Cadet, or military dependent), owned a smart device, had a history of a lower extremity injury or surgery in the 12 months prior to study enrollment, and were cleared to return to running by their medical provider (primary care physician, orthopedic surgeon, or physical therapist). Exclusion criteria included low back pain or vestibular dysfunction in the previous 3 months, any history of a forefoot or midfoot fracture, current NRFS running pattern (following video analysis as described below), or self-reported inability to walk two miles pain-free. The study protocol was approved by the Keller Army Community Hospital Institutional Review Board, and written consent was obtained prior to participation.

Twenty-three individuals were screened for this study, but three individuals met exclusion criteria (two with history of forefoot fracture, one with NRFS pattern) (Figure 1). One participant was dropped after developing mononucleosis during the study; these data were excluded. Those who met all of the initial inclusion criteria and none of the exclusion criteria continued with the study (Figure 1). Nineteen participants were included in the final data analysis. Participant demographics and injury details are shown in Table 1. Each participant completed the Numerical Pain Rating Scale [NPRS, scored on a 0–10 scale (Salaffi et al., 2004)], Patient Specific Functional Scale [PSFS, scored on a 0-60 scale (Chatman et al., 1997) with six pre-filled items: walking, running on level ground < 2 miles, running uphill, running downhill, running on level ground > 2 miles, and hopping/jumping], Single Assessment Numerical Evaluation [SANE, scored on a 0–100% scale with 100% equaling full function (Williams et al., 2000)], and the Lower Extremity Functional Scale [LEFS, scored on a 0–80 scale with 80/80 equaling full function (Binkley et al., 1999)] to monitor their self-reported pain level and function during the study.


[image: Figure 1]
FIGURE 1. Participant flowchart and study methodology. RFS, rearfoot strike; NRFS, non-rearfoot strike. Values are reported as mean and standard deviation from the day 0 point of the study. *One participant was diagnosed with mononucleosis prior to the follow-up data collection. To prevent bias with an intention to treat analysis, all data from this participant were excluded from statistical analysis. Post-intervention (T2) data collection at 6, 8, and/or 10 weeks (post-intervention data collection one, two, and three respectively) following the initial data collection. If the participant achieved a NRFS at post-intervention (T2), they were asked to return for a follow-up 4 weeks later (T3).



Table 1. Participant demographic, injury/surgery, transition, and re-injury descriptions (n = 19).
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Procedures
 
Initial Data Collection

For the initial data collection (T1), which occurred just prior to the intervention, participants were instructed to perform an initial three-minute warm up run at a self-selected pace (mean 2.91 ± 0.26 m/s) on the single side of a split-belt instrumented treadmill (Bertec, Columbus, Ohio, USA). Kinetic (force) data were collected from three 10-s trials during the fourth minute of running. Participants wore self-selected socks and shoes. Raw kinetic data were collected from the instrumented treadmill at 1,000 Hertz (Hz), filtered at 35 Hz with a fourth order low-pass Butterworth filter, and normalized to body weight using custom code written in MATLAB (The MathWorks, Inc., Natick, MA, USA) to extract AVLR, cadence, peak vGRF, and stance time for both the left and right lower extremity. AVLR was defined as the slope of the vertical ground reaction force curve from 3 to 12% of stance phase (Goss and Gross, 2013), with a foot strike threshold of 50 Newtons. If the impact peak occurred prior to 12% of stance phase, the true impact peak was identified, and this value was used as the second point in the AVLR calculation (Miller et al., 2019). Cadence was calculated by dividing the total time to complete five left and right steps to determine steps per second and then multiplying by 60 s to calculate steps per minute (Goss and Gross, 2013).

Simultaneously, to detect FSP, two-dimensional sagittal plane video was collected from a Casio High Speed Exilim EX-ZR200 (Tokyo, Japan) digital stationary camera mounted to a Vivitar tripod (80 cm lens height, 80 cm distance, perpendicular to the treadmill; Edison, NJ, USA). Video was sampled at 240 Hz with a resolution of 512 × 384 pixels and shutter speed of 1/1,000s. Windows Movie Maker 7.0 (Microsoft, Redmond, WA, USA) was used to evaluate FSP of the third 10-s running trial to dichotomously categorize FSP into RFS or NRFS running pattern. Location of initial plantar contact observed on video in the posterior one-third of the foot was considered a RFS running pattern; initial plantar contact observed in the anterior two-third of the foot was characterized as a NRFS running pattern. If both anterior and posterior aspects of the foot made initial contact with the ground simultaneously, the foot strike was considered a NRFS pattern. Overall FSP was determined by the largest percentage of foot strikes observed during video analysis. Video analysis of FSP has demonstrated excellent intra- and inter-rater reliability (Esculier et al., 2018; Miller et al., 2018) and good concurrent validity when compared to three-dimensional motion analysis (Esculier et al., 2018).



Intervention

Following the initial treadmill data collection (T1), participants received individual instruction on a lower extremity exercise program (HEP; calf stretching, calf foam rolling, plantar fascia stretching, weight shifting, foot tapping, marching on forefeet, toe yoga and knee to chest bridging) in order to increase strength and mobility to improve the runner's capacity for gait retraining (Supplementary Material 3). Participants continued traditional physical therapy for their original lower-extremity injury under the direction and guidance of their original referring physical therapist. In addition to the exercise program, a gradual walk-to-run progression (10 phases, each with specific walk and run intervals that last a duration of 30 min) with strict instructions for appropriate execution was given to all participants to complete on their own. The run progression is a commonly utilized return to run program among military clinicians (Supplementary Material 2) (O'Connor et al., 2001; Miller et al., 2020). Participants were asked to perform the gradual run progression on their own while receiving feedback provided by the instrumented socks. Strict adherence to the walk-to-run progression was encouraged to control feedback dosage and running load. Following NRFS transition and completion of the walk-to-run progression, participants were permitted to return to their normal running routine.

After demonstrating understanding of the HEP and walk-to-run progression, runners were fit with a pair of instrumented socks (Sensoria, Redmond, WA, USA) with three sewn-in textile pressure sensors [heel, head of the first metatarsal, and head of the 5th metatarsal, (Supplementary Material 1)] sampling at 32 Hz. The manufacturer's donning, doffing, and cleaning instructions were given to the participant. The socks determine FSP by detecting heel (RFS) or metatarsal (NRFS) plantar pressure. An anklet containing an accelerometer connects to the sock magnetically and delivers data via Bluetooth to a mobile application on the individual's smart device. The smart device provided real-time audio biofeedback on distance covered, pace, FSP, and cadence to the participants while executing the walk-to-run progression (Supplementary Material 2). A faded feedback approach was utilized to encourage internalization of the new movement skill (Willy and Davis, 2013). Walk time and instrumented sock feedback to transition to a NRFS were gradually decreased while runtime was increased. Participants received feedback every minute during phases 1–3 (approximately 6 runs), every 2 min during phases 4–7 (approximately 8 runs), and every 5 min during phases 8–10 (approximately 6 runs) of the walk-to-run progression. This removal of feedback was incorporated to shift dependence from external (instrumented sock) to internal cues to facilitate true motor learning of the non-rearfoot strike pattern (Winstein and Schmidt, 1990). Audio feedback from the smart device provided cues such as, “Try to land more gently” and “You are landing on your heel. Try to lean forward to land on your forefoot.” Cadence was preset to 180 steps/minute (McDougall, 2009; Diebal et al., 2012) and participants were provided cues when they dropped below 180 steps per minute for a percentage of the run. The socks have demonstrated moderate FSP reliability and excellent cadence reliability (Stoltenberg et al., 2019). An online account was generated for each participant to track usage of the socks. The participants did not receive any additional instruction on how to transition their foot strike pattern.



Post-intervention and Follow-Up Data Collections

Post-intervention data collections (T2) were performed on the instrumented treadmill utilizing the same procedures previously described, to include two-dimensional video analysis for FSP, at the participant's previously self-selected running speed. Participants ran in the same self-selected shoes. Participants returned for a post-intervention data collection at 6, 8, and/or 10 weeks (post-intervention data collection one, two, and three respectively) following the initial data collection. All participants returned for post-intervention one to determine if a NRFS transition had occurred as observed on video analysis. Those who achieved a NRFS transition were asked to return for a follow-up 4 weeks later. Those who did not achieve a NRFS transition were re-instructed in the lower extremity exercise program and walk-to-run program with the use of the instrumented socks, and were asked to return for post-intervention two. If the participant achieved a NRFS at post-intervention two, they were asked to return for a follow-up 4 weeks later (T3). Those who did not achieve a NRFS were re-instructed in the exercise program and walk-to-run program with the use of the instrumented sock, and were asked to return for post-intervention data collection three. If a participant did not transition to a NRFS by the third post-intervention data collection, their contribution to the study was complete (Figure 1).

Participants who successfully transitioned to a NRFS at any of the three post-intervention data collections (T2) were instructed to continue with the previously described exercise program, as well as the walk-to-run progression, but stopped using the socks for biofeedback. A follow-up data collection (T3) was then completed following the same procedures previously described approximately 4 weeks later to assess retention of the NRFS (Figure 1). After the follow-up data collection (T3), their contribution to the study was complete.

A retrospective review of the Department of Defense's electronic medical record was completed 6 months from study enrollment to determine if any medical visits for a new or repeat lower extremity injury occurred.




Data Reduction

Data from the first five consecutive steps, for the left and right foot, of the third 10-s running trial were used to analyze AVLR, cadence, peak vGRF, and stance time. These data were averaged and carried forward to compare involved vs. uninvolved limbs. For individuals with bilateral complaints (n = 4), the more symptomatic side as documented in medical records was used as the involved limb.



Statistical Analyses

R version 3.4.4 (R Foundation for Statistical Computing, Vienna, Austria) was used to complete statistical analyses. Descriptive statistics were computed to determine the percentage of previous injuries by body region, percentage of individuals who successfully transitioned to a NRFS pattern at each timepoint (T1, T2, and T3) and percentage of individuals who were re-injured over the course of the study. Means, standard deviations and 95% confidence intervals (CIs) were computed for each dependent variable at each time point. A Pearson product-moment correlation was used to assess association between sock usage and days to transition to NRFS pattern among those participants who successfully transitioned to a NRFS. A one-way repeated measures analysis of variance (ANOVA) was computed to compare the mean values of the dependent variables (NPRS, PSFS, SANE, LEFS, AVLR, cadence, peak vGRF, stance time) across each timepoint (T1, T2, T3) for the participants who successfully transitioned to a NRFS. Mauchly's test of sphericity was performed to test for possible violations of sphericity (type I error). When Mauchly's test was significant, a Greenhouse-Geisser correction was applied (Portney and Watkins, 2015). If the RM ANOVA was significant, post hoc Bonferroni-Holm pairwise comparisons were computed. A second repeated measures ANOVA was performed on a sub-group of nine participants who had a history of either unilateral knee injury or knee surgery utilizing the same procedures. Values of p < 0.05 were considered statistically significant.




RESULTS

Three individuals did not meet the pre-established inclusion criteria and were excluded from the study (Figure 1). Nineteen individuals (mean age 28.8 ± 12 years; 10 males, 9 females; height 1.7 ± 0.1 m; mass 74.9 ± 11.9 kg; weekly running distance 8.8 ± 7.0 km) met criteria and received intervention (Table 1). The distribution of participant lower extremity injuries by body region was as follows: hip (16%), knee (47%), anterior lower leg (32%), and foot (5%). Nearly all participants (18/19, 95%) transitioned to a non-rearfoot strike (mean 8 ± 2.4) weeks) (Figure 1), and the majority (16/18, 89%) maintained the transition 5-weeks later (mean 5.0 ± 0.8) weeks (Table 2). Most of the participants who transitioned to a NRFS did so at 6-weeks post-intervention (15/18, 83%). The remaining 6 and 11% transitioned at 8- and 10-weeks post-intervention, respectively. Participants who transitioned to a NRFS utilized the socks 6.4 ± 5.7 times over an average of 8 weeks. There was no association observed between sock usage and days to NRFS transition (p = 0.72, r = 0.14) (Table 2). Additionally, there were no new injuries or repeat injuries observed in the medical record review for the 6 months following study enrollment.


Table 2. Rearfoot strike to non-rearfoot strike transition description (n = 19).
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Table 3 demonstrates the results of the RM ANOVA for the variables between three timepoints: (T1, T2, T3). The NPRS, LEFS, and peak vGRF were not significantly different between any of the three time points. Between T1 and T2, pairwise comparisons revealed a significant reduction for AVLR on the involved (p = 0.002) and uninvolved limb (p = 0.003), significant increase in cadence (p = 0.045), and a significant reduction in stance time on the involved (p < 0.001) and uninvolved (p < 0.001) limb. There were no significant differences between T1 and T2 for the PSFS or SANE. Between T2 and T3, a significant increase on the PSFS (p = 0.04) and the SANE (p = 0.04) were observed, indicating improved function. No significant difference was noted between T2 and T3 for AVLR, cadence, or stance time. Between T1 and T3, significant differences were noted for an increase in PSFS (p = 0.04), a reduction in AVLR on the involved (p = 0.008) and uninvolved (p = 0.01) limb, and a reduction in stance time on the involved (p < 0.001) and uninvolved (p < 0.001) limb. There were no significant differences noted between T1 and T3 for the SANE or cadence.


Table 3. Repeated measures analysis of variance pairwise comparison with Holm correction for participants who transitioned to a NRFS running pattern (n = 18#).
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A sub-analysis was performed on nine individuals who had a history of either unilateral knee injury or knee surgery (involved limb) in the 12 months prior to study enrollment. Supplementary Material 4 shows the results of the RM ANOVA at the same three time points as previously discussed. All nine individuals in the sub-analysis initially transitioned to a NRFS (100%) and 8/9 or 89% maintained the NRFS transition at follow-up (T3). The NPRS, functional outcome measures, AVLR on the uninvolved limb, and peak vGRF did not demonstrate a significant difference between time points. Between T1 and T2, pairwise comparisons revealed a reduction in AVLR on the involved limb (p = 0.04), as well as reductions in stance time on both the involved (p < 0.001) and uninvolved limb (p = 0.002). No significant differences were noted between T1 and T2 for cadence. There were no significant differences between T2 and T3 for AVLR, cadence, or stance time. Between T1 and T3, a reduction in AVLR was observed for the involved limb (p = 0.04), an increase in cadence (p = 0.01), and a reduction in stance time on both the involved (p < 0.001) and uninvolved (p = 0.003) limb.



DISCUSSION

The purpose of this case series was to examine the effectiveness of an instrumented sock to transition previously injured runners to a NRFS running pattern and subsequently examine the interventions effect on pain scores, patient-reported outcome measures, and running biomechanics. In accordance with our original hypotheses, greater than 90% of the participants successfully transitioned from a RFS to a NRFS with the use of the instrumented socks (Figure 1) and we observed accompanied improvements in patient-self reported function, reduced AVLR bilaterally, and reduced stance time bilaterally. Our findings demonstrate that gait retraining FSP using instrumented socks can improve several key biomechanical factors related to injury risk.

In the present study, a higher proportion of individuals transitioned to a NRFS pattern (90%) compared to two previous reports; an in-field NRFS transition study using wearable technology in healthy individuals (75%) (Chan et al., 2020a) and a laboratory-based NRFS transition study using real-time visual feedback of FSP in healthy individuals (40%) (Chan et al., 2020b). Two previous studies achieved an even higher success rate (100%) utilizing in-clinic verbal feedback to transition previously injured runners to a NRFS pattern (Roper et al., 2016; Miller et al., 2020). Previously injured runners may be more motivated to alter gait mechanics than healthy runners to decrease pain or improve function. Additionally, the ideal feedback method (verbal, visual, and audio) and technology needed to successfully alter an individual's FSP is unknown and further research is required to address the efficacy and effectiveness of different feedback mechanisms for different patient populations. The present study adds to the current literature, indicating that real-time audio biofeedback provided by an instrumented sock was effective in modifying the FSP of previously injured military service members.

The transition of FSP to a NRFS resulted in improvements in running kinetics. Confirming our hypothesis, we observed a reduction in AVLR on the involved (30%) and uninvolved (24%) limbs from initial (T1) to follow-up (T3). The large magnitude and clinically meaningful reductions in AVLR observed in the current study correspond to the 40–50% reductions previously reported in the literature following NRFS transition (Cheung and Davis, 2011; Crowell and Davis, 2011; Futrell et al., 2020). The current study utilized both an internal attentional focus strategy (“Try to land more gently”) and external strategy (“You are landing on your heel. Try to lean forward to land on your forefoot,” cadence feedback) to achieve changes in FSP. The discrepancy in percent AVLR reduction among studies following a NRFS transition may be explained by the different feedback mechanisms provided to participants (Wulf and Prinz, 2001; Moore et al., 2019).

A multitude of interventions have been proposed for the treatment of running injuries to include therapeutic exercise, foot orthoses, alterations in footwear, and gait retraining. In one report, runners who transitioned from a RFS to a NRFS pattern demonstrated a two-fold greater reduction in impact forces than the use of cushioned soles, foot orthoses, and shock attenuating insoles, leading to the suggestion that a runner's ability to manipulate their mechanics may lead to greater changes than external devices (footwear, orthoses) (Crowell and Davis, 2011). The data from the current study support a similar magnitude reduction in impact forces (AVLR) following a NRFS gait retraining intervention using instrumented socks. Technology such as this may increase access to medical care and reduce medical costs following injury by decreasing the number of required in-clinic visits.

It is well established that running with a NRFS compared to a RFS pattern redistributes the mechanical load associated with running from the knee to the ankle and calf musculature (Kulmala et al., 2013). For this reason, gait retraining FSP and to reduce impact loading have been suggested as interventions for patients with PFPS (Roper et al., 2016; Davis et al., 2020). In the current study, a sub-analysis revealed a reduction in AVLR from initial (T1) to follow-up (T3) in the involved (29%) and uninvolved (27%) limbs of participants recovering from unilateral knee injury or surgery. This subset of individuals also demonstrated the greatest increase in cadence and greatest reduction in AVLR on both limbs (31%) at the post-intervention data collection (T2). Our observation is in agreement with Huang et al., who demonstrated that healthy individuals transitioning to a NRFS combined with increased cadence achieved greater reductions in AVLR than FSP manipulation alone (Huang et al., 2019). Overall, we achieved favorable reductions in AVLR in those with knee complaints with a NRFS transition using an instrumented sock. Our results contribute to an evolving body of literature advocating for an injury-specific approach to biomechanical risk factors for injury (Johnson et al., 2020).

At follow-up, the participants demonstrated reduced ground stance time during running. Greater contact times have been previously associated with increased running-related injury risk in Soldiers (Weart et al., 2020) and increased plantar loads and impulse during running (Wellenkotter et al., 2014). A NRFS transition using instrumented socks successfully reduced this potential risk factor for injury and the reduction was maintained at follow-up.

In further support of our hypotheses, cadence increased 2.8% from initial (T1) to post-intervention (T2), but this increase was not maintained at follow-up (T3) (Table 3, Supplementary Material 4). A cadence increase of 5–10% has been shown to reduce energy absorption of the lower-extremities (Heiderscheit et al., 2011) and reduce ground reaction forces during running (Schubert et al., 2014; Huang et al., 2019; Futrell et al., 2020). Furthermore, it has been reported to be more natural and easier to transition FSP using a combined gait modification involving a NRFS and increased cadence than to transition using an isolated gait modification of NRFS alone (Huang et al., 2019). Although the primary intervention for the current study was not cadence manipulation, during running the participants devices provided auditory feedback whenever cadence dropped below 180 steps per minute. Despite returning to their initial cadence, a majority of the participants in the current study maintained the NRFS pattern and reductions in AVLR at follow-up. This observation supports the notion that while cadence may help facilitate a more natural modification of FSP, it is not necessary for longer-term NRFS adoption and AVLR reduction.

Reductions in pain and improvements in function following gait retraining have been well documented. In the current study, PSFS scores improved by a mean of 1.1 points from initial (T1) to follow-up (T3), but this change did not exceed the minimal clinically important difference for a small change of 1.3 points (Abbott and Schmitt, 2014). The improvement in function noted is consistent with two previous reports following gait retraining in individuals recovering from PFPS (Noehren et al., 2011) and from lower extremity running related injuries (Miller et al., 2020). Participants in the current study also remained injury free (repeat or new) 6 months after enrollment. Despite the success of our participants, clinicians implementing gait retraining should be aware of the possible risks of altering FSP. A NRFS exposes runners to greater injury risk in the ankle and foot (Kulmala et al., 2013; Chen et al., 2019). To mitigate injury risk in the current study we excluded individuals with previous foot fracture, included aspects of a commonly used gait retraining strengthening program for the feet and lower legs (Futrell et al., 2020) and implemented a gradual walk-to-run progression (Miller et al., 2020).

In the current study a faded feedback program using auditory cues was employed. Auditory cues are more effective than visual feedback (Sigrist et al., 2013) and faded feedback programs have been successfully implemented in several gait retraining studies to optimize motor learning (Roper et al., 2016). Interestingly, the two participants who did not maintain a NRFS at follow-up (T3) were also the oldest participants (male, age 49; female, age 51) and took the longest to initially transition albeit using the socks more than any other individuals in the study. Future research should seek to understand the ideal feedback approaches and parameters needed to achieve optimal motor learning for varying ages, skills, and fitness levels.


Limitations

Several limitations to the current study must be considered. While the smart device application saved data from each event, the application could not differentiate between walking and running, preventing any analysis to identify timing of the NRFS transition. Participants were instructed in the details of an exercise program, but compliance is unknown. Additionally, the small sample size and lack of control group limits conclusion of treatment effects and did not account for improvements in biomechanics and function that may have occurred naturally over time. Heterogeneity of injury type including duration and location of injury limits global generalizability; however, it is noteworthy that the majority of participants with various injury types transitioned FSP without any in-clinic feedback, demonstrated reductions in AVLR, and none reported new or repeat injuries within 6 months of study enrollment. Finally, it is important to note that the instrumented socks were not the only aspect of the intervention and our study design did not account for the potential effects the walk-to-run progression and exercise program could have had on the participants NRFS transition. However, there is substantial evidence that strengthening, and movement training do not independently influence running biomechanics (Willy and Davis, 2011; Brindle et al., 2020; Foch et al., 2020). Therefore, the authors are confident that the instrumented sock was responsible for the NRFS transition and this primary outcome was not influenced by the exercise program or walk-to-run progression. Larger-scale, randomized control trials with diagnosis-specified running-related injuries are needed to further confirm these findings.




CONCLUSION

With technology provided foot strike pattern and cadence auditory feedback from instrumented socks, approximately 90% of participants successfully transitioned to a NRFS pattern and maintained these running adaptations 5-weeks later. In addition, several biomechanical variables associated with an increased injury risk during running (AVLR, stance time) were reduced following transition to a NRFS running pattern and no participants were re-injured over the duration of the study. Our results suggest that wearable technology with foot strike and cadence auditory faded feedback may assist previously injured military service members to transition from a RFS to a NRFS running pattern and subsequently improve their running biomechanics and future injury risk.
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