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Introduction: Most running-related injuries are believed to be caused by abrupt changes in training load, compounded by biomechanical movement patterns. Wearable technology has made it possible for runners to quantify biomechanical loads (e.g., peak positive acceleration; PPA) using commercially available inertial measurement units (IMUs). However, few devices have established criterion validity. The aim of this study was to assess the validity of two commercially available IMUs during running. Secondary aims were to determine the effect of footwear, running speed, and IMU location on PPA.

Materials and Methods: Healthy runners underwent a biomechanical running analysis on an instrumented treadmill. Participants ran at their preferred speed in three footwear conditions (neutral, minimalist, and maximalist), and at three speeds (preferred, +10%, −10%) in the neutral running shoes. Four IMUs were affixed at the distal tibia (IMeasureU-Tibia), shoelaces (RunScribe and IMeasureU-Shoe), and insole (Plantiga) of the right shoe. Pearson correlations were calculated for average vertical loading rate (AVLR) and PPA at each IMU location.

Results: The AVLR had a high positive association with PPA (IMeasureU-Tibia) in the neutral and maximalist (r = 0.70–0.72; p ≤ 0.001) shoes and in all running speed conditions (r = 0.71–0.83; p ≤ 0.001), but low positive association in the minimalist (r = 0.47; p < 0.05) footwear condition. Conversely, the relationship between AVLR and PPA (Plantiga) was high in the minimalist (r = 0.75; p ≤ 0.001) condition and moderate in the neutral (r = 0.50; p < 0.05) and maximalist (r = 0.57; p < 0.01) footwear. The RunScribe metrics demonstrated low to moderate positive associations (r = 0.40–0.62; p < 0.05) with AVLR across most footwear and speed conditions.

Discussion: Our findings indicate that the commercially available Plantiga IMU is comparable to a tibia-mounted IMU when acting as a surrogate for AVLR. However, these results vary between different levels of footwear and running speeds. The shoe-mounted RunScribe IMU exhibited slightly lower positive associations with AVLR. In general, the relationship with AVLR improved for the RunScribe sensor at slower speeds and improved for the Plantiga and tibia-mounted IMeasureU sensors at faster speeds.
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INTRODUCTION

Running is one of the most popular leisure-time physical activities worldwide owing to its accessibility and low cost. Recreational running is growing in participation (Scheerder et al., 2015; Bush, 2017)—an effect that has been amplified by the closure of gyms and community centers during the COVID-19 pandemic (Minsberg, 2020; Ronto, 2020). Most running-related injuries are believed to be caused by an abrupt change in training load (Hreljac, 2005; Bertelsen et al., 2017; Napier, 2020), compounded by biomechanical movement patterns (Ryan et al., 2006; Napier et al., 2018; Ceyssens et al., 2019; Napier, 2020). Wearable technology allows the collection of both biomechanical and training load data longitudinally in the runner's natural environment (Napier et al., 2017; Willy, 2018; Moore and Willy, 2019). Advances in technology have made it possible to fuse biomechanical and training load measures to better quantify the cumulative stress (i.e., the additive stress of repeated steps during a run or repeated running bouts over the course of a training block) on the body, with much recent work utilizing segmental accelerations as a quantification of biomechanical training loads (Napier et al., 2020; Paquette et al., 2020).

The most ubiquitous class of wearable sensors is the inertial measurement unit (IMU), which consists of an accelerometer, gyroscope, and (sometimes) a magnetometer to measure accelerations, angular velocities, and orientation, respectively. Due to their ease of use and potential to assess biomechanical training loads related to running-related injuries, tibial accelerometers are commonly used in the study of running-related injury prevention or rehabilitation (Willy, 2018; Moore and Willy, 2019). Vertical peak positive acceleration (PPA)—the maximum acceleration in the vertical axis—is typically measured at the distal tibia. Vertical PPA of the tibia has been associated with running-related injuries (e.g., tibial stress fracture) (Milner et al., 2006; Pohl et al., 2008) and has been associated with the vertical ground reaction force (GRF) loading rate (Hennig and Lafortune, 1991; Laughton et al., 2003; Tenforde et al., 2020). For an IMU to capture PPA during running, it needs to sample data at a high enough frequency while having a dynamic range of at least 16 gravitational equivalents (g) (Mitschke et al., 2017; Willy, 2018). Research-grade IMUs are now affordable to clinicians and consumers, but few devices have established criterion validity (Willy, 2018; Moore and Willy, 2019).

While PPA measured at the distal tibia has demonstrated good validity and reliability in research settings (Sheerin et al., 2018), IMUs must also be easily and securely fixated to be user-friendly at the clinical or consumer level. A tibia-mounted IMU requires a consistent and secure mounting to the distal tibia prior to each use, which may affect reliability of impact-related metrics (Sheerin et al., 2019). An unreliable signal would in turn reduce the validity of the PPA metric derived from the tibia-mounted IMU as a surrogate for vertical GRF loading rates. As such, consumer-level IMUs are often mounted on the shoe (e.g., RunScribe, Stryd, Garmin FootPod). Shoe-mounted IMUs typically provide higher peak acceleration values than those mounted on the distal tibia (Cheung et al., 2019; Sheerin et al., 2019). Distally-placed accelerometers may also more closely represent the accelerations experienced by the foot/ankle (Sheerin et al., 2019). However, positive associations between impact loading (average vertical loading rate; AVLR) and PPA of shoe-mounted IMUs have been poor, especially when attached to the heel of the shoe (Cheung et al., 2019; Pairot de Fontenay et al., 2020).

The RunScribe sensor (Scribe Labs Inc., San Francisco, USA) is a commercially available IMU that has been validated for several spatiotemporal and kinematic metrics (Koldenhoven and Hertel, 2018; García-Pinillos et al., 2019; Hollis et al., 2019). When mounted on the shin adjacent to a research-grade accelerometer, the RunScribe sensor also demonstrated high positive associations (ICC 0.89–0.92) with the measurement of tibial PPA across a range of running speeds (Brayne et al., 2018). The RunScribe sensor mounted on the heel is not a valid surrogate for either the average or instantaneous vertical loading rates (Pairot de Fontenay et al., 2020), indicating that choice of sensor location can have important implications. However, current guidelines from RunScribe recommend placing it on the dorsum of the shoe, where it clips into a cradle that is securely mounted to the shoelaces. To our knowledge, the validity or reliability of impact metrics for this device at this location have not yet been investigated.

Plantiga (Plantiga Technologies, Vancouver, Canada) is another commercially available IMU that has not been validated. This IMU is embedded in the heel of an insole in place of a standard running shoe insole. The location of this sensor has two main advantages: (1) the device is easily and consistently fixated to its location and (2) the location is at the interface of the foot and the shoe, enabling it to capture the initial shock of impact during a rearfoot strike. To our knowledge, to date, there have been no studies examining the validity or reliability of this device.

In addition to sensor location, running speed (Sinclair et al., 2013b; Boey et al., 2017; Sheerin et al., 2018) and the footwear worn (Sinclair et al., 2013a,b, 2016; Sinclair and Sant, 2017) are also known to affect impact-related metrics. Running at greater speeds or in minimalist shoes has been consistently associated with increased PPA when measured at the tibia (Sheerin et al., 2019). Running speed and footwear also affect vertical GRF measures. The AVLR increases with greater running speeds (Napier et al., 2019) while minimalist footwear tends to increase vertical loading rates when compared to cushioned footwear (Moore et al., 2015; Warne et al., 2017). Therefore, any investigation into the relationship between PPA and vertical GRF loading rates should also consider these factors.

The aim of this study was to assess the validity of two commercially available IMUs (RunScribe and Plantiga) during running for the measurement of vertical peak positive acceleration. The gold standard measure for comparison was AVLR because of its common use in lab-based running injury studies. A second comparison was made to a research-grade tibia-mounted IMU (IMeasureU Blue Thunder, Vicon, Oxford, UK) since vertical (or axial) PPA is commonly used as a surrogate for AVLR. Secondary aims were to determine the effect of footwear, running speed, and the location of the IMU on the vertical peak positive acceleration. We compared the consumer-grade IMUs to research-grade tibia- and shoe-mounted IMUs and the average vertical loading rate measured on a force treadmill. We hypothesized that the RunScribe IMU would not display a strong association with GRF or tibia-mounted IMU measures, but that the insole-embedded Plantiga IMU would be. We also hypothesized that the vertical PPA would be significantly less for the tibia-mounted IMU than the RunScribe and Plantiga IMUs, and that PPA would be greater in minimalist shoes and at greater speeds, since both have been shown to affect PPA measurement.



MATERIALS AND METHODS


Participants

Healthy runners between the ages of 18 and 60, free of musculoskeletal and neurological pain, and who had been running for at least 3 months were recruited from the local running community. Participants were excluded if they were not habitual rearfoot strikers or did not fit the range of shoe sizes available for the study (Men's 8–12 US or Women's 6–10 US). Participants were screened for inclusion/exclusion criteria via an eligibility questionnaire. Habitual foot strike pattern was self-reported and confirmed during the warmup period before data was collected. Written consent was obtained from all participants and ethics approval was granted from the institutional Clinical Research Ethics Board.



Experimental Protocol/Procedures

All participants underwent a biomechanical running analysis on an instrumented treadmill (Bertec Corporation, Columbus, USA) wearing standardized running shoes (Neutral: New Balance 880v9, New Balance, Boston, USA; Minimalist: Merrell Trail Glove 5, Merrell, Grand Rapids, USA; Maximalist: New Balance Fresh Foam More v1, New Balance, Boston, USA). A preferred speed representative of a moderate intensity run was determined during an initial 5-min. warmup period. Participants then ran at their preferred speed in each footwear condition (NEUT: neutral; MIN: minimalist; MAX: maximalist) and at preferred speed + 10% (NEUT +10%), and preferred speed −10% (NEUT −10%) in the neutral running shoes. The order of footwear was randomized, with the order of speed in the NEUT condition proceeding from preferred speed to NEUT +10% to NEUT −10%. Each trial consisted of approximately 1 min of running. Four wearable sensors were fixed at the distal tibia (IMeasureU-Tibia), shoelaces (IMeasureU-Shoe and Runscribe), and insole (Plantiga) of the right shoe, as shown in Figure 1 and data were collected during quiet standing to enable calibration of the IMeasureU and Plantiga devices during post-processing. With this configuration, the IMeasureU sensor was positioned so that the positive Y-axis and the positive Z-axis were vertical on the distal tibia and shoe, respectively. The specifications of each device are detailed in Table 1. Kinetic data from the treadmill were sampled at 2,000 Hz (Cortex v5, Motion Analysis Corporation, Santa Rosa, USA). Accelerometer data from the IMUs were sampled at 1,000 Hz (IMeasureU) and 500 Hz (Plantiga and RunScribe). IMUs were started and stopped manually. Every effort was made to stop the IMU devices within 1–2 s of the end of each trial as marked by the GRF data capture. As such, the steps were not perfectly synchronized, but the trials were temporally proximal to each other.


[image: Figure 1]
FIGURE 1. (A) Set up for the IMeasureU (tibia and shoe-mounted) and RunScribe sensors; (B) “vertical” axes for each IMU illustrated by location; and (C) Plantiga insole-embedded inertial measurement unit.



Table 1. Specifications of inertial measurement units.
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Data Analysis

Kinetic variables were calculated using The MotionMonitor software (Innovative Sports Training, Inc., Chicago, USA). CSV files were exported from the IMUs and Plantiga devices for signal processing. Discrete variables and accelerometry data were analyzed using custom LabView software (Version 17.0, National Instruments, Houston, USA) for the last 30 consecutive steps of the right foot for each of the five trials (NEUT, MIN, MAX, NEUT +10%, NEUT −10%). Force plate and kinematic data were low-pass filtered via a low-pass, fourth-order Butterworth recursive filter at a cutoff frequency of 50 and 15 Hz, respectively. Initial contact and toe-off events in the force plate signal were identified by a vertical GRF threshold of 50 N. The primary outcome from the GRF data was average vertical loading rate (AVLR). Since true impact frequencies range from 40 to 60 Hz (Valiant et al., 1987; Winslow and Shorten, 1989), a cut-off frequency of 75 Hz was used to ensure that only non-physiological frequencies were removed from the accelerometry signal (Crowell and Davis, 2011). Accelerometer data from the IMeasureU and Plantiga devices were filtered via a low-pass, fourth-order Butterworth recursive filter at a cutoff frequency of 75 Hz. Via the customized LabView software, accelerometry signals underwent a post-collection calibration process during which any signal offset and drift was removed prior to movement trials (Winslow and Shorten, 1989). Footstrikes from accelerometry data from the IMeasureU and Plantiga devices were identified at 0.1 ms prior to a maximum of the vertical accelerometer signal (Johnson et al., 2020). Primary IMU outcome variables were PPA from the IMeasureU-Tibia and IMeasureU-Shoe; PPA from the Plantiga IMU (Figure 2); and proprietary algorithms for “Impact” and “Shock” from the RunScribe device. “Impact” is equivalent to vertical PPA, while “Shock” represents the resultant PPA (vector sum of the XYZ acceleration components) from the RunScribe sensor.


[image: Figure 2]
FIGURE 2. Vertical acceleration profile of tibia, shoe-mounted, and insole-embedded inertial measurement units.




Statistical Analysis

An a priori sample size calculation for an expected Pearson product-moment correlation coefficient of 0.65 (p < 0.05, ß = 0.90) between AVLR and the consumer-grade IMUs produced a necessary sample size of 17 participants. Normality of all variables was assessed using Shapiro-Wilk tests. Scatterplots were checked for non-linear relationships and outliers. Pearson product-moment correlations (r) were calculated for the mean values of AVLR and PPA for each participant over the last 30 consecutive steps. Associations were classified as low (0.30–0.49), moderate (0.50–0.69), high (0.70–0.89), and very high (0.90–1.0) (Hinkle et al., 2003). Moderate to very high correlations were considered to be clinically meaningful. Further interpretation of the associations between PPA from each IMU and the primary GRF outcome (AVLR) was provided using the coefficient of determination (r2), which estimates explained variation in the dependent variable. Repeated measures ANOVA with post hoc comparisons using Bonferroni adjustment were performed to investigate differences in impact measures between speeds and footwear. Paired t-tests were used to determine differences in PPA between IMU locations. Significance for all statistical tests was set to p < 0.05 with trends identified between 0.05 ≤ p ≤ 0.10. All statistical analyses were performed using IBM SPSS Statistics for Mac, version 27.0 (IBM Corp., Armonk, USA).




RESULTS

Twenty participants (nine females; age 35.9 ± 8.3 years; BMI 21.1 ± 2.7 kg/m2; preferred speed 2.90 ± 0.37 m/s) participated in the study. Due to data collection errors, not all trials were captured for each measure. Specifically, out of a possible total of 100 participant trials, one participant was missing GRF data (failed to zero force plates before trial); 11 trials (across three participants) were missing data due to a faulty Plantiga sensor; and 10 trials (across three participants) were missing data from the IMeasureU-Tibia and one participant was missing data from the IMeasureU-Shoe due to collection errors (e.g., manual data recording not started on a device). All variables were found to be normally distributed (p > 0.05) with linear relationships and no outliers. The mean values for the GRF and IMU measures are reported in Table 2.


Table 2. Values (mean ± SD) for vertical ground reaction force and inertial measurement unit measures across all trials.
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Significant Pearson product-moment correlations were found between all outcomes when all trials were included (Table 3). The AVLR exhibited high positive associations with IMeasureU-Tibia in the NEUT and MAX shoes and in all running speed conditions, but had only low positive association in the MIN footwear condition. Conversely, associations between AVLR and Plantiga were high in the MIN condition and moderate in the NEUT and MAX footwear, with low and moderate positive associations, respectively, in the NEUT −10% and NEUT −10% running speed conditions. The RunScribe Impact and Shock metrics demonstrated low to moderate positive associations with AVLR across all footwear and speed conditions with the exception of non-significant correlations for Impact in the MIN condition and for Shock in the NEUT +10% condition. In general, the relationship with AVLR improved for the shoe-mounted (RunScribe and IMeasureU-Shoe) sensors at slower speeds and improved for the Plantiga and IMeasureU-Tibia sensors at faster speeds. Overall, 41% of the variance in the value of AVLR was explained by variations in IMeasureu-Tibia, while 37% was explained by variations in Plantiga and 30% by RunScribe Impact. At the faster speed in the neutral shoe, variations in IMeasureU-Tibia explained up to 68% of the variance in the value of AVLR. Variations in Plantiga explained up to 56% of the variance in AVLR in the minimalist shoe and variations in Impact explained up to 38% of the variance in AVLR in the neutral shoe at preferred speed.


Table 3. Pearson product-moment correlations among vertical ground reaction force (average vertical loading rate, AVLR) and inertial measurement unit (peak positive vertical acceleration, PPA) measures across all conditions.

[image: Table 3]

Running speed had a significant effect on AVLR and all PPA measures except the Plantiga (Table 2), with lower values at the slower speeds and higher values at the faster speeds. Footwear also influenced impact metrics with AVLR being significantly greater in the MIN (91.39 ± 25.67 BW/s) condition compared to the MAX (70.00 ± 18.29 BW/s; p = 0.023) condition and the Plantiga being significantly greater in the MIN (8.85 ± 2.11 g) compared to NEUT (7.24 ± 2.01; p = 0.025) condition. However, there were no significant differences between footwear conditions among the other IMU measures.

Across all footwear conditions and running speeds, RunScribe Impact and Shock were the only metrics to demonstrate statistically significant differences from all other IMU locations. However, the Plantiga (8.85 ± 2.11 g) was significantly different from the shoe-mounted metrics (IMeasureU-Shoe: 7.22 ± 2.62 g, p = 0.013; RunScribe Impact: 13.37 ± 1.73 g, p < 0.001; and Shock: 15.35 ± 1.17 g, p < 0.001) in the MIN footwear condition.



DISCUSSION

In partial support of our primary hypothesis, the insole-embedded IMU (Plantiga) demonstrated a stronger association with vertical GRF loading rate measures than the shoe-mounted IMU (RunScribe). The Plantiga had stronger associations with AVLR at faster running speeds and in minimalist footwear. In contrast, the RunScribe had stronger associations with AVLR at slower running speeds and in the more cushioned footwear conditions. However, both the RunScribe and Plantiga IMUs exhibited a low-positive association with the IMeasureU-Tibia overall, and this relationship varied across both footwear and speed conditions. One major concern with shoe-mounted IMUs is the excessive noise that can accompany the signal due to poor fixation and an uncoupling from the body (Cheung et al., 2019). Faster running speeds and minimalist footwear increase peak vertical accelerations at impact (Sheerin et al., 2019), which is likely to produce more movement artifact and increased signal noise in poorly fixated devices. This could explain the poorer performance of the shoe-mounted sensor at faster running speeds and in minimalist footwear. Previous studies have reported a range of correlations between tibia-mounted PPA and AVLR (r = 0.47–0.82) (Hennig et al., 1993; Laughton et al., 2003; Van den Berghe et al., 2019; Tenforde et al., 2020). Our results (r = 0.44–0.75 across all conditions) are consistent with these previous studies and support previous findings that values measured at the tibia increase with running speed (Sinclair et al., 2013b; Boey et al., 2017; Sheerin et al., 2018).

Our secondary hypotheses that the vertical PPA would be significantly less for the IMeasureU-Tibia than the RunScribe and Plantiga IMUs, and that PPA would be greater in minimalist shoes and at greater speeds, was also partially supported. Consistent with previous studies (Sheerin et al., 2019), the PPA was greater for all measures except the Plantiga at faster running speeds. The AVLR values were also significantly higher across faster speeds. Footwear also had the expected effect on vertical GRF loading rate measures, which showed a statistically significant increase in the AVLR in the minimalist shoe when compared to the maximalist shoe. This finding is in agreement with previous studies that reported substantially greater vertical loading rates in minimalist shoes compared to neutral cushioned shoes (Moore et al., 2015; Warne et al., 2017). The Plantiga IMU also demonstrated a significantly higher PPA in the minimalist shoes compared to neutral shoes. Significant effects were not seen in other PPA measures, possibly due to the more remote location from the foot-midsole cushioning-ground interface.

We also hypothesized that the location of the IMU would affect the magnitude of the PPA, with greater magnitudes occurring at the shoe-mounted and insole-embedded IMUs when compared to the more proximally located tibia-mounted IMU. Location (proximal to distal), vibration, sampling frequency, dynamic range, and sensor size can influence the magnitude of PPA reported by an IMU (Norris et al., 2014; Mitschke et al., 2017; Sheerin et al., 2019). However, the only significantly different signals from all of the IMUs in our analysis were the Impact and Shock metrics from the RunScribe sensor. These measures were significantly different from all other IMUs across all conditions. While the mean PPA values from the IMeasureU-Tibia, IMeasureU-Shoe, and Plantiga sensors were very similar, despite their differences in location, the Impact and Shock metrics from the RunScribe sensor were 1.5–2 times greater. One potential reason for this difference was the more distal location on the shoe of the RunScribe sensor (see Figure 1). During post hoc testing, it was noted that an IMU placed more distally on the dorsum of the shoe regularly produced greater peak accelerations than the more proximal location. Another potential reason for greater values among the RunScribe metrics is the proprietary algorithm used to calculate these variables since the RunScribe app does not filter the acceleration data. Normally, signal filtering would be expected to attenuate the accelerometry signal magnitude. Another possibility for the difference between the RunScribe sensor metrics and other IMU measures (notably the IMeasureU sensor that was mounted adjacent to it on the laces) could be the orientation of the device and how this was calculated into the output. The vertical acceleration signal from the IMeasureU-Shoe sensor was perpendicular to the sensor and not to the anterior-posterior axis of the shoe whereas the RunScribe sensor underwent a calibration procedure—as recommended by the manufacturer—before each test once it was mounted on the shoe, which transforms the signal from the sensor to the shoe coordinate frame (i.e., the vertical direction is perpendicular to the ground in standing). The difference between these axes is illustrated in Figure 1B.

Overall mean values in this study were comparable to previous studies for AVLR (Napier et al., 2018; Van den Berghe et al., 2019) and tibia PPA (Hennig et al., 1993; Creaby and Franettovich Smith, 2016; Van den Berghe et al., 2019; Tenforde et al., 2020) for similar running populations and speeds. Since this is the first investigation, to our knowledge, of PPA derived from lace-mounted or insole-embedded IMUs, we are unable to make similar comparisons across the literature. One recent study reported PPA values at the shoe (heel-mounted IMU) up to four times the magnitude (~ 9–14 g) of those at the tibia (Cheung et al., 2019). However, the authors noted that this difference was unlikely only due to the attenuation of forces across the foot and ankle, and suggested that the PPA at the shoe was amplified by the uncoupled shoe movements with respect to the body.

The relationship between AVLR and PPA from the shoe-mounted IMUs (IMeasureU-Shoe: r = 0.49 overall; RunScribe Impact: r = 0.55 overall; RunScribe Shock: r = 0.47 overall) was not only significant, but higher than in previous studies that fixed the IMU to the heel instead of the laces (Cheung et al., 2019; Pairot de Fontenay et al., 2020). This suggests that the lace-mount might be a better location to act as a proxy for GRF loading rates when compared with the heel. However, correlations for both of these sensors were still lower than with the IMeasureU-Tibia and Plantiga IMUs. Furthermore, while the IMeasureU-Shoe sensor had a high positive association with the IMeasureU-Tibia (r = 0.72), the RunScribe Impact metric only had a moderate positive association (r = 0.46) suggesting that this device in particular should not be used as a proxy for tibia PPA. This discrepancy could have been due to the lower sampling frequency of the RunScribe sensor which can result in an inaccurate reading of PPA (Norris et al., 2014; Mitschke et al., 2017). Overall, the association between the two shoe-mounted sensors was moderate (IMeasureU-Shoe—RunScribe Impact: r = 0.63) and high in the neutral shoes at preferred and −10% speeds (r = 0.75 and 0.74, respectively), suggesting that movement artifact for these sensors might have played a role in reducing the reliability of the signal with higher impacts at faster speeds and in minimalist shoes. However, the PPA values from the two sensors were significantly different from each other in all conditions.

The insole-embedded IMU from Plantiga had a stronger relationship with AVLR overall, which was comparable to the AVLR—IMeasureU-Tibia relationship (r = 0.61 and 0.64, respectively). This sensor performed best in the minimalist shoes, possibly because the minimal cushioning meant that the peak acceleration under the foot closely matched the vertical GRF loading rate. It is also possible that the fit of the shoe played a role, with the increased room in the neutral and maximalist shoes allowing more movement artifact for the Plantiga IMU.

While not all sensors were strongly positively associated with AVLR or IMeasureU-Tibia, they did all demonstrate a narrow distribution (see Table 2). Even though tibia-mounted PPA and vertical GRF loading rates have been associated with running-related injury, there is still much debate regarding the causal relationship of these variables with running-related injury (Ceyssens et al., 2019). Alternate sensor locations may prove to be useful in the future to monitor impact-related metrics associated with injury risk or performance outcomes. Furthermore, the practicality of these sensor locations–for instance, in studies in which participants are expected to affix the IMUs themselves or when large numbers of participants are involved—may outweigh the utility of the tibia-mounted site in larger field-based studies, especially if the location produces a more reliable output. Even when researchers have affixed tibia-mounted IMUs themselves with great care, there has been a large range of correlations to vertical GRF loading rates (Hennig et al., 1993; Laughton et al., 2003; Van den Berghe et al., 2019; Tenforde et al., 2020). One potential method to improve results from IMUs is by applying artificial intelligence to large data sets that include gold standard force treadmill/force plate data as well as IMU data. As has been demonstrated recently, the use of machine learning algorithms may further improve the estimation of GRF variables using accelerometer inputs (Ngoh et al., 2018; Jiang et al., 2020). More research in this area is warranted.

There are some limitations to this study. We were unable to synchronize the IMUs with each other or with force data from the treadmill. While we are confident that the between-step variability in all measures was low when averaged over 30 steps on the treadmill, this method could have negatively influenced the associations in some instances. Our a priori sample size calculation was based on previous studies' findings of correlations between tibia-mounted PPA and AVLR (Hennig et al., 1993; Laughton et al., 2003; Van den Berghe et al., 2019; Tenforde et al., 2020). However, given some of the lower correlations in different conditions, as well as the lower correlation at different sensor locations, the study turned out to be slightly underpowered. The small sample size resulted in underpowered estimates and large confidence intervals in individual conditions, which made significant findings between conditions difficult to achieve. Our sample comprised only rearfoot strikers, meaning that our findings should not be extrapolated to non-rearfoot striking runners.



CONCLUSION

Our findings indicate that a commercially available insole-embedded IMU (Plantiga) is comparable to a research-grade tibia-mounted IMU (IMeasureU) when acting as a surrogate for vertical ground reaction force loading rates. However, these results vary between different levels of footwear and running speeds. A shoe-mounted RunScribe IMU exhibited slightly lower positive associations with vertical ground reaction force loading rates. In general, the Plantiga IMU performed better at faster running speeds and in minimalist footwear, while the RunScribe IMU performed better at slower running speeds and in the more cushioned footwear conditions. However, both the RunScribe and Plantiga IMU demonstrated only low positive associations with the tibia-mounted IMeasureU sensor, and this varied significantly across both footwear and speed conditions. Further investigations into the effect of footwear and location of IMU when measuring PPA are warranted.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Simon Fraser University Research Ethics Board. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

CN, CM, and RW designed the study, reviewed, and edited the final manuscript. CN carried out all data collection. CN, RW, BH, and RM were involved in data analysis. CN drafted the initial manuscript. All authors were involved in the interpretation and discussion of the results.



FUNDING

This work was supported by a Natural Sciences and Engineering Research Council of Canada (NSERC) Post-doctoral Fellowship (CN) and the Canada Research Chair Program (CM).



ACKNOWLEDGMENTS

The authors would like to thank Paul Blazey and Olivia Baldassare for assistance in data collection. We would also like to acknowledge the support of New Balance Canada, who provided standardized footwear for this study.



REFERENCES

 Bertelsen, M., Hulme, A., Petersen, J., Brund, R., Sorensen, H., Finch, C., et al. (2017). A framework for the etiology of running-related injuries. Scand. J. Med. Sci. Sport 27, 1170–1180. doi: 10.1111/sms.12883

 Boey, H., Aeles, J., Schütte, K., and Vanwanseele, B. (2017). The effect of three surface conditions, speed and running experience on vertical acceleration of the tibia during running. Sports Biomech. 16, 166–176. doi: 10.1080/14763141.2016.1212918

 Brayne, L., Barnes, A., Heller, B., and Wheat, J. (2018). Using a wireless consumer accelerometer to measure tibial acceleration during running: agreement with a skin-mounted sensor. Sports Eng. 21, 487–491. doi: 10.1007/s12283-018-0271-4

 Bush, S. (2017). 2017 U.S. Road Race Trends. Wichita, KS: Running USA.

 Ceyssens, L., Vanelderen, R., Barton, C., Malliaras, P., and Dingenen, B. (2019). Biomechanical risk factors associated with running-related injuries: a systematic review. Sports Med. 49, 1095–1115. doi: 10.1007/s40279-019-01110-z

 Cheung, R. T. H., Zhang, J. H., Chan, Z. Y. S., An, W. W., Au, I. P. H., MacPhail, A., et al. (2019). Shoe-mounted accelerometers should be used with caution in gait retraining. Scand. J. Med. Sci. Sport 29, 835–842. doi: 10.1111/sms.13396

 Creaby, M. W., and Franettovich Smith, M. M. (2016). Retraining running gait to reduce tibial loads with clinician or accelerometry guided feedback. J. Sci. Med. Sport 19, 288–292. doi: 10.1016/j.jsams.2015.05.003

 Crowell, H. P., and Davis, I. S. (2011). Gait retraining to reduce lower extremity loading in runners. Clin. Biomech. 26, 78–83. doi: 10.1016/j.clinbiomech.2010.09.003

 García-Pinillos, F., Chicano-Gutiérrez, J. M., Ruiz-Malagón, E. J., and Roche-Seruendo, L. E. (2019). Influence of RunScribe™ placement on the accuracy of spatiotemporal gait characteristics during running. Proc. Inst. Mech. Eng. P. J. Sport Eng. Technol. 234, 11–18. doi: 10.1177/1754337119876513

 Hennig, E. M., and Lafortune, M. A. (1991). Relationships between ground reaction force and tibial bone acceleration parameters. IJSB 7, 303–309. doi: 10.1123/ijsb.7.3.303

 Hennig, E. M., Milani, T. L., and Lafortune, M. A. (1993). Use of ground reaction force parameters in predicting peak tibial accelerations in running. J. Appl. Biomech. 9, 306–314. doi: 10.1123/jab.9.4.306

 Hinkle, D. E., Wiersma, W., and Jurs, S. G. (2003). Applied Statistics for the Behavioral Sciences. Boston, MA: Houghton Mifflin College Division.

 Hollis, C. R., Koldenhoven, R. M., Resch, J. E., and Hertel, J. (2019). Running biomechanics as measured by wearable sensors: effects of speed and surface. Sports. Biomech. 7, 1–11. doi: 10.1080/14763141.2019.1579366

 Hreljac, A. (2005). Etiology, prevention, and early intervention of overuse injuries in runners: a biomechanical perspective. Phys. Med. Rehabil. Clin. N. Am. 16, 651–667. doi: 10.1016/j.pmr.2005.02.002

 Jiang, X., Napier, C., Hannigan, B., Eng, J., and Menon, C. (2020). Estimating vertical ground reaction force during walking using a single inertial sensor. Sensors 20:4345. doi: 10.3390/s20154345

 Johnson, C. D., Outerleys, J., Jamison, S. T., Tenforde, A. S., Ruder, M., and Davis, I. S. (2020). Comparison of tibial shock during treadmill and real-world running. Med. Sci. Sports Exerc. 52, 1557–1562. doi: 10.1249/MSS.0000000000002288

 Koldenhoven, R. M., and Hertel, J. (2018). Validation of a wearable sensor for measuring running biomechanics. Digit. Biomark. 2, 74–78. doi: 10.1159/000491645

 Laughton, C. A., Davis, I. M., and Hamill, J. (2003). Effect of strike pattern and orthotic intervention on tibial shock during running. J. Appl. Biomech. 19, 153–168. doi: 10.1123/jab.19.2.153

 Milner, C. E., Ferber, R., Pollard, C. D., Hamill, J., and Davis, I. S. (2006). Biomechanical factors associated with tibial stress fracture in female runners. Med. Sci. Sports Exerc. 38, 323–328. doi: 10.1249/01.mss.0000183477.75808.92

 Minsberg, T. (2020, March 19). Running from coronavirus: a back-to-basics exercise boom. The New York Times 19.

 Mitschke, C., Zaumseil, F., and Milani, T. L. (2017). The influence of inertial sensor sampling frequency on the accuracy of measurement parameters in rearfoot running. Comput. Methods Biomech. Biomed. Eng. 20, 1502–1511. doi: 10.1080/10255842.2017.1382482

 Moore, I. S., Pitt, W., Nunns, M., and Dixon, S. (2015). Effects of a seven-week minimalist footwear transition programme on footstrike modality, pressure variables and loading rates. Footwear. Sci. 7, 17–29. doi: 10.1080/19424280.2014.971352

 Moore, I. S., and Willy, R. W. (2019). Use of wearables: tracking and retraining in endurance runners. Curr. Sports Med. Rep. 18, 437–444. doi: 10.1249/JSR.0000000000000667

 Napier, C. (2020). Science of Running: Analyse Your Technique, Prevent Injury, Revolutionise Your Training. London: Dorling Kindersley Limited.

 Napier, C., Esculier, J.-F., and Hunt, M. A. (2017). Gait retraining: out of the lab and onto the streets with the benefit of wearables. Br. J. Sports Med. 51, 1642–1643. doi: 10.1136/bjsports-2017-098637

 Napier, C., MacLean, C. L., Maurer, J., Taunton, J., and Hunt, M. A. (2018). Kinetic risk factors of running-related injuries in female recreational runners. Scand. J Med. Sci. Sport 28, 2164–2172. doi: 10.1111/sms.13228

 Napier, C., MacLean, C. L., Maurer, J., Taunton, J. E., and Hunt, M. A. (2019). Kinematic correlates of kinetic outcomes associated with running-related injury. J. Appl. Biomech. 35, 123–130. doi: 10.1123/jab.2018-0203

 Napier, C., Ryan, M., Paquette, M., and Menon, C. (2020). Session RPE in combination with training volume provides a better estimation of training responses in runners. J. Athl. Train. 55, 1285–1291. doi: 10.4085/1062-6050-573-19

 Ngoh, K. J.-H., Gouwanda, D., Gopalai, A. A., and Chong, Y. Z. (2018). Estimation of vertical ground reaction force during running using neural network model and uniaxial accelerometer. J. Biomech. 76, 269–273. doi: 10.1016/j.jbiomech.2018.06.006

 Norris, M., Anderson, R., and Kenny, I. C. (2014). Method analysis of accelerometers and gyroscopes in running gait: a systematic review. Proc. Inst. Mech. Eng. P. J. Sport Eng. Technol. 228, 3–15. doi: 10.1177/1754337113502472

 Pairot de Fontenay, B., Roy, J. S., Dubois, B., Bouyer, L., and Esculier, J. F. (2020). Validating commercial wearable sensors for running gait parameters estimation. IEEE Sensors J. 20, 7783–7791. doi: 10.1109/JSEN.2020.2982568

 Paquette, M. R., Napier, C., Willy, R. W., and Stellingwerff, T. (2020). Moving beyond weekly ‘distance'–optimizing training quantification in running. J. Orthop. Sports Phys. Ther. 50, 564–569. doi: 10.2519/jospt.2020.9533

 Pohl, M. B., Mullineaux, D. R., Milner, C. E., Hamill, J., and Davis, I. S. (2008). Biomechanical predictors of retrospective tibial stress fractures in runners. J Biomech 41, 1160–1165. doi: 10.1016/j.jbiomech.2008.02.001

 Ronto, P. (2020). Exercise Is up 88% During COVID-19 [12,913 Person Study] [Online]. RunRepeat. Available online at : https://runrepeat.com/exercise-covid-19-study (accessed June 17, 2020).

 Ryan, M. B., MacLean, C. L., and Taunton, J. E. (2006). A review of anthropometric, biomechanical, neuromuscular and training related factors associated with injury in runners. ISMJ 7, 120–137. Available online at: https://hdl.handle.net/10520/EJC48588

 Scheerder, J., Breedveld, K., and Danchev, A. (2015). Running Across Europe: The Rise and Size of One of the Largest Sport Markets. London: Palgrave Macmillan. doi: 10.1057/9781137446374

 Sheerin, K. R., Besier, T. F., Reid, D., and Hume, P. A. (2018). The one-week and six-month reliability and variability of three-dimensional tibial acceleration in runners. Sports Biomech. 17, 531–540. doi: 10.1080/14763141.2017.1371214

 Sheerin, K. R., Reid, D., and Besier, T. F. (2019). The measurement of tibial acceleration in runners—a review of the factors that can affect tibial acceleration during running and evidence-based guidelines for its use. Gait Posture 67, 12–24. doi: 10.1016/j.gaitpost.2018.09.017

 Sinclair, J., Fau-Goodwin, J., Richards, J., and Shore, H. (2016). The influence of minimalist and maximalist footwear on the kinetics and kinematics of running. Footwear Sci. 8, 33–39. doi: 10.1080/19424280.2016.1142003

 Sinclair, J., Greenhalgh, A., Brooks, D., Edmundson, C. J., and Hobbs, S. J. (2013a). The influence of barefoot and barefoot-inspired footwear on the kinetics and kinematics of running in comparison to conventional running shoes. Footwear Sci. 5, 45–53. doi: 10.1080/19424280.2012.693543

 Sinclair, J., and Sant, B. (2017). The effects of cross-fit footwear on the kinetics and kinematics of running. Footwear Sci. 9, 41–48. doi: 10.1080/19424280.2016.1268212

 Sinclair, J., Taylor, P. J., and Andrews, S. (2013b). Influence of barefoot, barefoot inspired and conventional shoes on tibial accelerations and loading kinetics during running in natural rearfoot strikers. Comp. Exerc. Physiol. 9, 161–167. doi: 10.3920/CEP13023

 Tenforde, A. S., Hayano, T., Jamison, S., Outerleys, J., and Davis, I. S. (2020). Tibial acceleration measured from wearable sensors is associated with loading rates in injured runners. PMR 12, 679–684. doi: 10.1002/pmrj.12275

 Valiant, G., McMahon, T., and Frederick, E. (1987). “A new test to evaluate the cushioning properties of athletic shoes,” in Biomechanics X-B, ed. B. Jonsson (Champaign, IL: Human Kinetics), 937–941.

 Van den Berghe, P., Six, J., Gerlo, J., Leman, M., and De Clercq, D. (2019). Validity and reliability of peak tibial accelerations as real-time measure of impact loading during over-ground rearfoot running at different speeds. J. Biomech. 86, 238–242. doi: 10.1016/j.jbiomech.2019.01.039

 Warne, J. P., Smyth, B. P., Fagan, J. O. C., Hone, M. E., Richter, C., Nevill, A. M., et al. (2017). Kinetic changes during a six-week minimal footwear and gait-retraining intervention in runners. J. Sports Sci. 35, 1538–1546. doi: 10.1080/02640414.2016.1224916

 Willy, R. W. (2018). Innovations and pitfalls in the use of wearable devices in the prevention and rehabilitation of running related injuries. Phys. Ther. Sport 29, 26–33. doi: 10.1016/j.ptsp.2017.10.003

 Winslow, D. S., and Shorten, M. R. (1989). Spectral analysis of impact shock during running. J. Biomech. 22:1099. doi: 10.1016/0021-9290(89)90511-3

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Napier, Willy, Hannigan, McCann and Menon. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fspor-03-643385-t003.jpg
Overall NEUT MIN MAX NEUT +10% NEUT -10%

AVLR—Plantiga 0.61* 0.50" 0.75% 0577 053" 044"
AVLR—IMeasureU-Tibia 0.64* o72* 0.47* 0.70* 0.83* 071%
AVLR—IMeasureU-Shoe 0.49% 051* 0.45* 0.46" 058" 0.75%
AVLR—RunScribe Shock 047* 0.43* 0.40° 050" 020 0.40*
AVLR—RunScribe Impact 055+ 062" 0.38 058" 0.40° 050
IMeasureU-Tibia—Plantiga 0.47* 0.47* 0.19 0.60" 055" 0.43

IMeasureU-Tibia—IMeasureU-Shoe 072} 0.68* 053" 0.81% 0.80* 0.82*
IMeasureU-Tibia—RunScribe Shock 0.42* 034 -0.29 054* 0.40 0.60"
IMeasureU-Tibia —RunScribe Impact 0.46* 0.43° -0.28 059t 055" o.66t
IMeasureU-Shoe —RunScribe Shock 057* 0.70* 0.36 0.48" 056 0.71%
IMeasureU-Shoe —RunScribe Impact 0.63* 0.75* 0.45* 053" o7+ 0.74*

“Indicates p < 0.05: 'p < 0.01; *p < 0.001. NEUT, neutral shoes at preferred speec: MIN, minimalst shoes at preferred speed; MAX, maximalist shoes at preferred speed: NEUT
+10%, neutral shoes at 10% faster than preferred speed; NEUT —10%, neutral shoes at 10% slower than preferred speeci; AVLR, average vertical loadiing rate; PPA, peak positive
vertical acceleration.





OPS/images/fspor-03-643385-t001.jpg
Blue Thunder,
IMeasureU

Plantiga
RunScribe

Location

Tibia, laces

Insole
Laces

Weight

12g

1759
159

Sampling
frequency

1,000Hz

500Hz
500Hz

Dynamic
range

+16g

+16g
+16g





OPS/images/fspor-03-643385-t002.jpg
Overall (SEM) NEUT MIN MAX NEUT +10% NEUT -10%

AVLR (BW/s) 72.89 % 22.17(2.27) 67.24 + 17.79% 91.39 + 25,67/ 70.00 + 18.29¢ 7723+ 19.98° 5858 + 14.712
Plantiga () 7.6 £ 2.31(0.25) 724 %201 886 211" 723+284 767 £2.25 676 % 195
IMeasureU-Tibia (g) 7.32 £ 2.84(0.30) 747 £2.71° 7.78 £ 2.41 818+ 3.48 757 +£2.98 592 & 2310
IMeasureU-Shoe (g) 7.14 £ 2.88(0.30) 7.16 £3.06 722 £262 6.89 £ 3.13 7.93 £ 3.00° 6.53 & 2.69°
RunScribe Shock (g) 14.15 £ 2.213(0.22) 13.87 + 2.34%% 15.35 £ 1.17+ 14.02 + 2.15¢ 14.71 £ 2.20% 12.82 + 2.33%
RunScribe Impact (g) 12.15 + 2.46%(0.25) 11.87 + 2.62F 18.37 £ 1.78* 12.08 + 2.36* 12,56 + 2.3 10.89 + 2.62%

aSignificantly different (o < 0.05) from NEUT +10% across same sensor; ®Significantly different (o < 0.05) from NEUT—10% across same sensor; *significantly different (p < 0.05) from
MIN across same sensor; Ysignificantly diferent (p < 0.05) from MAX across same sensor; “significantly diferent from PPA (shoe) across same condition; *significantly different (b <
0.05) from all other IMU measures across same condition. SEM, standard error of the mean; NEUT, neutral shoes at preferred speed; MIN, minimalist shoes at preferred speed; MAX,
maximalist shoes at preferred speed; NEUT +10%, neutral shoes at 10% faster than preferred speed; NEUT ~10%, neutral shoes at 10% slower than preferred speed; AVLR, average
vertical loading rate; PPA, peak positive vertical acceleration; BW/s, body weights per second: g, gravitational forces.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Effect of Footwear, Running Speed, and Location on the Validity of Two Commercially Available Inertial Measurement Units During Running



		Introduction



		Materials and Methods



		Participants



		Experimental Protocol/Procedures



		Data Analysis



		Statistical Analysis







		Results



		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Sports and Active Living

The Effect of Footwear, Running
Speed, and Location on the Validity of
Two Commercially Available Inertial
Measurement Units During Running





OPS/images/fspor-03-643385-g001.gif





OPS/images/fspor-03-643385-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Sports and Active Living





