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ABSTRACT

Gait retraining has been used as an intervention to mitigate the risk of running-related injuries
among distance runners. Lab-based gait retraining studies have used various feedback
strategies to modify the running gait and have demonstrated promising results in changing
biomechanical parameters associated with injuries. However, lab-based training is not
accessible to the general running population, and there was limited evidence that supports the
transfer of training effect to conditions that resemble real-world running. For these reasons,
gait retraining in runners’ natural training environments might be preferred. The main objective
of this thesis was to optimize the training protocol for gait retraining under real-world
conditions. To this end, five studies were conducted to address three specific aims: 1) identify
the limitations of lab-based gait retraining protocols, 2) assess habitual gait adaptations in real-
world running, and 3) establish the technical specifications for systems used to modify gait
outside of the lab. Regarding the first specific aim, two studies were conducted to examine the
transfer of training effect to untrained conditions, including overground and slopes. Results of
both studies suggested that runners who regularly train overground and on slopes may not
benefit fully from lab-based training. Based on such findings, gait retraining along overground
running routes that include slopes was recommended. Our third study addressed the second
specific aim, it examined the natural biomechanical adaptations while running on slopes. By
analyzing real-world training records, changes in speed and cadence were observed along
slopes. These habitual adaptations could interact with the training parameters in gait retraining,
subsequently affecting the training effect. Therefore, an adaptive feedback model with the
training target set based on different sloped conditions was recommended. With the existing
wearable technology, tibial acceleration can be measured using wireless accelerometers outside

of the lab. Tibial acceleration is a common parameter used as feedback during training and as



an outcome measure to assess the effect of gait retraining. The fourth and fifth studies
addressed the third specific aim and presented the technical considerations required for
accurate and reliable tibial acceleration measurements under conditions that resemble training
in the real world. Based on the findings of these two studies, accelerometers with an operating
range wider than £16-g were recommended for accurate tibial acceleration measurements. Also,
it was recommended to measure a minimum of 100 consecutive strides during each session
when evaluating training performance to ensure reliable measurements. To conclude the
findings of the five studies, a gait retraining protocol designed for training under real-world
conditions was proposed and evaluated in a proof-of-concept study. This final study
demonstrated the feasibility of using adaptive feedback in real-world training using a wearable
sensor system. Tibial acceleration was measured under real-world training conditions and was
used as feedback to guide the runner in modifying the gait pattern while training along slopes.
Overall, the findings of this thesis provided insights for further optimization of gait retraining
protocols and the future development of feedback systems suitable for use under real-world

conditions.
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CHAPTER 1

INTRODUCTION

1.1  Rationale

Around the world, distance running is among the top five most popular physical exercises.!
However, the risk of sustaining an injury is high among runners.?? Research attention has been
given to identifying risk factors of injuries through biomechanical analysis,?>*® and mitigating
the risk factors through various interventions, of which one is modifying the gait pattern.® Gait
retraining has demonstrated promising results in modifying Kinetics, kinematics, and
spatiotemporal parameters among runners.>’ Conventional gait retraining involves motorized
treadmill running augmented with visual, auditory or haptic feedback to facilitate gait
modification.”® From an injury prevention perspective, it is important for the runner to retain
the gait modifications while running in their typical training environments. However, there is
a lack of evidence that demonstrates the transfer of training effects from treadmills to
conditions that better resemble real-life running environments. Furthermore, motor learning
has been suggested to be most effective within conditions that closely match those required
during performance.® Therefore, gait retraining conducted within a runner’s typical training

environment may be most beneficial in the long term.

1.2 Objective and specific aims
The main objective of this thesis was to develop a gait retraining protocol for runners to
modify their gait in real-world environments. To address this objective, five studies were
conducted through three specific aims which include:
e ldentify the limitations of conventional gait retraining protocols;

e Assess habitual gait adaptations in real-world running; and



e Establish the technical specifications for assessing and modifying gait in real-world

running conditions.

Regarding the first specific aim, Studies 1 and 2 (Chapters 3 and 4) were performed to
examine the carry-over effects of conventional gait retraining to untrained conditions. Both
studies examined the change in foot-strike pattern, cadence and loading rates after a program
targeting foot-strike pattern modification. Study 1 aimed to examine the carry-over effects of
treadmill-based gait retraining to overground running and Study 2 aimed to examine the carry-
over effects of level surface training to sloped running.

Study 3 (Chapter 5) was conducted to address the second specific aim. Study 3 assessed
the natural adaptations on running speed and cadence when runners were training on slopes in
the real world.

Studies 4 and 5 (Chapters 6 and 7) were designed to establish protocols for valid and
reliable measurements of peak tibial acceleration (PTA) using wireless inertial measurement
units (IMUs) outside of the lab. Study 4 examined the between-day reliability of the continuous
measurement of PTA along an overground track. Study 5 evaluated the performance of a low
operating range accelerometer and a signal restoration algorithm on PTA measurements.

A gait retraining protocol designed to reduce PTA during overground running on slope
conditions was proposed based on the findings of Studies 1 to 5. To evaluate the proposed
protocol, a proof-of-concept study was presented as part of the general discussion in Chapter

8.

1.3 Organization of the thesis
The doctoral thesis is presented in a manuscript-based style. The content of the thesis is

organized as follows:



Chapter 2 summarizes background information relevant to the research topic;

Chapters 3 to 7 are based on the five studies completed, these chapters have been modified
from manuscripts that have been published or prepared for publication to better suit the flow
of this thesis. These chapters may contain redundant information;

Chapter 8 is the concluding chapter. It summarizes and discusses the findings of Studies 1
to 5, and presents the results of a proof-of-concept study based on the proposed gait retraining

protocol. This chapter also presents the limitations and directions for future research.

1.4 Ethical statements

The studies presented in Chapters 3 to 8 were approved by relevant ethical committees.

Chapter 3: This study has been approved by the departmental research committee,
Department of Rehabilitation Sciences of The Hong Kong Polytechnic University
(HSEARS20161017001).

Chapter 4: This study has been approved by the departmental research committee,
Department of Rehabilitation Sciences of The Hong Kong Polytechnic University
(HSEARS20190928001).

Chapter 5: Data used for this study was extracted from the Wearable Technology Citizen
Science Level-4 secure research database housed at the University of Calgary. The collection
of data through this database was approved under the study title “The Wearable Technology
Citizen Science Program” by the Conjoint Health Research Ethics Board at the University of
Calgary (REB20-0572_REN2).

Chapter 6: This study has been approved by the Conjoint Health Research Ethics Board at
the University of Calgary (REB16-1183).

Chapter 7: This study has been approved by the Human Research Ethics Committee at

Western Sydney University (H14514).



The proof-of-concept study presented in Chapter 8: This study has been approved by the

Conjoint Health Research Ethics Board at the University of Calgary (REB22-0931).



2.1

CHAPTER 2

BACKGROUND

Gait retraining

2.1.1 Overview of running gait retraining

Running gait retraining aims to alter an individual’s habitual motor pattern.
Alternating a motor pattern that has been reinforced for years requires guidance and
practice.®10 External cues, often described as biofeedback, provide information about
performance and the intended changes. The runner responds to external cues during
practice.'? Biofeedback helps the runner develop a connection between the external cue
and the internal sensory cues associated with the desired motor pattern.** This motor
learning process can lead to permanent changes. In practice, real-time biofeedback gait
retraining has demonstrated promising results in alternating running kinetics and

kinematics in distance runners.>"12

2.1.2  Running-related injuries and gait retraining

From a clinical perspective, running gait retraining has been posited as a viable
approach to mitigate the risk of running-related injuries (RRIs).13%5 Theoretically, gait
retraining can modify running biomechanics that contributes to RRIs, resulting in a “safer”
running style. However, there is no consensus on an injury-free running style,'® and
evidence linking biomechanical risk factors and RRIs is limited and conflicting.!’

The origins of RRIs are complex. Possible interactions between intrinsic factors
(e.g., running biomechanics, injury history, anthropometric measures) and extrinsic factors
(e.g., training intensities, running shoes) could affect the overall risk of injury.2178

Furthermore, different RRIs could have different injury mechanisms, and biomechanical



risk factors are likely specific to the type of injury.t” The complexity and specificity of
RRIs might explain the inconsistent findings that associate running biomechanics with the
overall injury risk within the literature.!” Nevertheless, a recent study conducted a
comprehensive review of risk factors of common RRIs and suggested reducing vertical
loading rate as a strategy to reduce the risk of plantar fasciitis and tibial stress fracture,*’
the second and third most common RRIs in long-distance runners.*®

The clinical benefit of reducing loading rate through gait retraining has been
demonstrated in two randomized controlled trials (RCTs).141> Runners were trained to land
softer, and both studies reported reductions in vertical loading rates after the training.
Moreover, injury incidences within one year after training were 62% lower in the gait
retraining group compared to the control group,* and 64.6% lower compared to the year
before the training.%® In spite of the fact that gait retraining studies have presented positive
results in reducing injury risk among runners, it should not be treated as a standalone
approach. Experts in running research recommended gait retraining be used in conjunction
with traditional interventions, including flexibility training and strength conditioning.!32°
Other extrinsic risk factors, such as errors in training and the influence of footwear should

also be addressed when modifying gait through training.*318

2.1.3 Common Kinetic outcome measures

Many gait retraining studies did not track injury incidence after the training, instead,
biomechanics were compared before and after the training or against a control group.*?
This type of study determines the outcome measures based on established biomechanical
risk factors of common RRIs. Common outcome measures are impact-related, including

vertical loading rates and PTA.1220 Elevated loading rates and PTA have been associated



with patellofemoral pain, plantar fasciitis and tibial stress fracture in specific
populations.*17:21.22

Force plates, either embedded within an instrumented treadmill or placed along an
overground runway, are typically used to measure ground reaction force (GRF). Loading
rates are calculated from the vertical GRF curve between the initial foot-ground contact
and the impact peak. The specific region used for the calculation differs slightly between
calculation methods.?®> A common method was to obtain the average and maximum slope
between 20 to 80% of the vertical GRF magnitude at the impact peak as vertical average
and instantaneous loading rates (VALR and VILR) respectively,?* as shown in Figure 2.1a.
Two retrospective studies and one prospective study have found higher VALR*?22% and
VILR??25 in injured rearfoot strike (RFS) runners with all types of RRISs. In studies which
analyzed a specific type of RRI, higher VALR and VILR were found in female RFS
runners with a history of tibial stress fracture,?'26:27 and plantar fasciitis.?®?° It is important
to note that most studies were conducted on female runners, and all but one study?® were
conducted on RFS runners who make initial contacts with their heels. The association
between high VALR/VILR with RRI could be limited to a specific group of runners. In
fact, Johnson et al. found no significant difference in VALR and VILR between forefoot
strike (FFS) runners who were injured and the FFS control group.?® Even so, experimental
reduction in VALR and/or VILR, through gait retraining or footwear,® have been found
to reduce injury risk in various populations. Among gait retraining studies conducted on
healthy runners within the past 12 years, at least 12 of the studies have measured VALR

and/or VILR as kinetic outcome measures (Table 2.1).
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Figure 2.1. Schematic diagrams showing the calculations of a) loading rate from vertical
ground reaction force (GRF) and b) peaks from axial tibial acceleration.
* marks the impact peak, shaded region indicates 20 to 80% of impact peak and circles mark

the peaks in tibial acceleration.



Kinetic outcomes

Study Trial population Training target Axial
VALR VILR PTA
Bowser et al. 19 runners; 0 . .
20183 RFS; axial PTA>8 g 50% of baseline axial PTA ! ! !
Chan et al. 320 runners (C:154); Reduce or diminish impact peak
20184 VALR > 70 BW/s of vertical GRF ! !
Chan et al. , _ _
20203 20 runners; RFS MFS = =
Cheung et al. 16 runners; 0 .
2018% PPA at heel > 10 g 80% of baseline PPA at heel ! !
Ching et al. 16 runners; 0 .
20183 PPA at heel > 8 g 80% of baseline PPA at heel ! !
Clansey et al. 22 runners (C:10); 0 : .
20143 RFS; axial PTA > 9 g 50% of baseline axial PTA ! !
Crowell and 10 runners; 0 . .
Davis 2011% RFS; axial PTA>8 g 50% of baseline axial PTA ! !
Derie et al.
2022
20 runners (C:10); 0 : .
& RFS: axial PTA > 9 g 70% of baseline axial PTA !
Van den Berghe
et al. 20223637
Futrell et al. 15 runners;
2020% RFS; cadence < 170 spm FFS l !

Resultant

PTA




18 runners;

0 .
RFS: cadence < 170 spm 7.5% above baseline cadence

Hafer et al 6 runners;
2015% ' RFS; cadence: 150 — 170 10% above baseline cadence
spm
Sheerin et al. Resul t;gtr;.rll.r:rj;s ced- 90% of resultant PTA at
202040 specific threghoﬁ q beginning of each session
Wazrcm)%g}lal. 24 runanlr:sS(Czlz); 7.5% above baseline cadence
lelgig‘tmal. ?”\(/)Itjgnf 255(;\/1\/2 7.5% above baseline cadence
Yang et al. 17 runners (C:8); FES
20204 Non-FFS
Zhggg;}4al. axila? Sfp;eisé g 80% of baseline axial PTA
Zhggg;}{)al. 13 runners 80% of baseline axial PTA

C, number of subjects in control group (no feedback); VALR, vertical average loading rate; VILR, vertical instantaneous loading rate; PTA,
peak tibial acceleration; g, gravitational constant (g = 9.81 m/s?); BW, body weight; RFS, rearfoot strike; MFS, midfoot strike; FFS, forefoot
strike; spm, steps per minute.

| significant reduction after the training

= no significant difference between baseline and post-training assessments

Table 2.1. Summary of gait retraining studies on healthy runners with kinetic outcome measures.
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Another common kinetic outcome measure of gait retraining is PTA.1>% Tibial
acceleration is measured using segment-mounted accelerometers. Typically, a skin-
mounted accelerometer is affixed to the distal tibial, with one of the axes aligned to the
long axis of the tibia.*¢ Axial tibial acceleration refers to the time-domain acceleration
signal aligned to the long axis of the tibia; resultant tibial acceleration refers to the resultant
vector of all three (x-, y- and z-) axes. The value of the peaks in the axial and resultant
tibial acceleration at the time of initial contact are identified as axial PTA and resultant
PTA respectively.?*4748 Eigure 2.1b shows an example of peaks identified from the axial
tibial acceleration signal. Tibial acceleration is commonly used as a surrogate
measurement for GRF when force plates are not available.*® Significant correlation has
been reported between axial PTA and loading rates. Zhang et al. have reported a moderate
to very strong intra-subject correlation between axial PTA and VALR (r = 0.56 — 0.95),
and VILR (r = 0.61 — 0.95).%° Between-subject correlation between axial PTA and VILR
have also been reported, with strong to very strong correlations (r = 0.70 — 0.92).2750-52
Van den Berghe et al. also reported a strong correlation between resultant PTA and
VILR.0

Compared to loading rates, fewer studies have investigated elevated PTA as a
biomechanical risk factor of RRIs. Two retrospective studies found higher axial PTA
among female RFS runners with a history of tibial stress fracture compared to healthy
controls.?%?" Interestingly, Zifchock et al. found differences in axial PTA between the
limbs of runners who recovered from a tibial stress fracture, with the injured limb having
a higher axial PTA.?6 However, it should be noted that there is a lack of evidence
supporting a reduction in PTA through interventions that could lead to changes in injury
risk. Nonetheless, axial PTA is a common Kinetic outcome measure, Table 2.1 listed seven

gait retraining studies which assessed the change in axial PTA before and after the training.
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Resultant PTA has not been investigated as a biomechanical risk factor for RRI and has
only been measured in one gait retraining study.*® However, impact forces are three-
dimensional (3D) and tibial acceleration along each axis contributes differently under
different conditions.’#® Resultant PTA is a metric that takes all measurement axes into

account.4’:%3

2.1.4 Training targets and feedback for gait retraining

Among the 17 gait retraining studies (16 independent cohorts) on healthy runners
with Kinetic outcome measures listed in Table 2.1, the training targets can be categorized
into three subgroups: impact, foot-strike pattern and cadence.

Ten studies used an impact-related training target, with axial PTA being the most
common. These studies measured the axial PTA at baseline and set the training target as
50 — 80% of the baseline value.3%34374445 Bjofeedback on axial PTA varied between
studies. In four studies, real-time axial PTA was displayed with a line indicating the
training target, runners were asked to maintain their tibial acceleration below the
line.30:354445 One group of researchers developed a system which superimpose pink noise
onto music tracks, with the volume of the noise proportional to the difference between the
measured PTA and the training target.%¢3” Clansey et al. provided both visual (i.e., red,
yellow and green light) and audio (i.e., high pitch, low pitch and no sound) feedback which
indicated axial PTA above 75%, 50 — 75% and below 50% of the baseline value.3* Similar
to Clansey et al., Cheung et al. used visual feedback with red and green lights indicating
the current acceleration peak above or below the training target;*? Ching et al. used audio
feedback with high and low pitch indicating the current acceleration peak above or below
the training target.® Instead of PTA, Cheung et al. and Ching et al. used the peak positive

acceleration measured at the heel of the shoe,®?33 a common site for commercially
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available shoe-mounted devices.>* Sheerin et al. measured resultant PTA before each
training session and set the training target as 90% of the value.*® Runners would receive
haptic feedback in the form of a short vibration from the wristwatch whenever the training
target was exceeded. One study provided participants with a visual display of the GRF
curve, and runners were asked to run softer while trying to reduce or diminish the impact
peaks.'4

Another common training target is to increase cadence. Four studies measured
cadence at baseline and set the training target as 7.5 — 10% above the baseline.383941.42
Among the four studies, three used a metronome to guide runners into meeting the training
target,33%41 with one giving runners the choice between a metronome and a music playlist
with songs which tempo matches the training target.3® Willy et al. used a shoe-mounted
sensor paired with a smartwatch programmed to display cadence visually.*?> All studies
found a significant increase in cadence after the training, however, the change in kinetic
outcome varies. Willy et al. found 18.9 and 17.9% reductions in VALR and VILR when
running with an 8.6% increase in cadence.*? Similarly, Wang et al. found 15.6 and 14.7%
reductions in VALR and VILR when running with a 5.7% increase in cadence.** However,
Futrell et al. found no significant difference in VALR or VILR with a 7.2% increase in
cadence,®® even though the training target was the same as previously mentioned
studies.*142

Three studies trained runners to transition from a RFS to a midfoot strike (MFS) or
FFS. Two studies provided runners with minimalist footwear as part of the
intervention,®42 and trained runners to adopt a FFS running pattern. Futrell et al.
instructed habitual RFS runners to run with FFS for three minutes before the training and
measured tibial acceleration.® The peak value measured while running with FFS was

recorded and used during the training. An audio cue was provided whenever this value
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was exceeded, indicating a non-FFS. Yang et al. used an insole with force sensors to
identify foot-strike patterns and provided an audio cue to runners when a RFS was
detected.*® One study instructed runners to run with MFS.3! A lab-based motion capture
system was used with reflective markers to obtain the foot-strike angle (FSA) during the
training. The foot-strike pattern was categorized based on the FSA ranges reported in a
previous study.> A graphical display of the foot-strike pattern was provided to the runner
as visual feedback. All three studies reported reduction in FSA, suggesting a transition to
MFS or FFS. However, the reductions in VALR and VILR were only reported in the two
studies that trained runners to adopt FFS,3843 no significance difference in VALR or VILR

was reported in the study that trained runners to adopt MFS.3!

2.1.5 Screening criteria for gait retraining

Most gait retraining studies have at least one inclusion criterion set according to
the outcome measure or training target. The inclusion criteria for each study are listed
under trial population in Table 2.1. The criteria were usually set to establish a need for gait
retraining. In three gait retraining studies where runners were trained to adjust their foot-
strike pattern to MFS or FFS, runners were screened for their habitual foot-strike
pattern.3%3843 Only RFS or non-FFS runners who may benefit from the training were
included. Several gait retraining studies included runners who were considered at risk of a
certain type of RRI.303442 |n these studies, a threshold on an impact-related variable (e.g.,
VILR and axial PTA) was used to screen runners. For example, Bowser et al.*° set a
threshold of 8 g (gravitational constant = 9.81 m/s?) for axial PTA based on a retrospective
study which compared the variable between runners with a history of tibial stress fracture
and healthy controls.?* Alternatively, one study set the inclusion criterion to avoid adverse

effects caused by the targeted gait modification.3® In Futrell et al.’s study where they
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trained runners to increase their cadence, runners with a natural cadence of above 170 steps
per minute were excluded.® The rationale behind the selection criterion was that a further
increase in cadence among runners with a naturally high cadence can potentially lead to

injury.

2.1.6 Training protocols and limitations

The training protocols for gait retraining studies on healthy runners with kinetic
outcome measures are listed in Table 2.2. Most studies trained runners on a treadmill inside
the lab. Some training protocols may only be feasible on a treadmill or inside the lab, in
particular, those that require a complicated set-up or visual display in the form of a monitor
usually placed in front of the treadmill. This type of training protocol usually follows a
strict pre-determined schedule, likely based on lab availability and access to necessary
equipment. The overall training length was found to be within 2 to 3 weeks, with the
number of sessions and training time per session fixed. Moreover, speed was kept constant
throughout the training, most studies set the speed to match the participants’ usual running
speed.1430-33353844.45 One study used a fixed speed of 3.7 m/s,* and one study let runners
choose between four pre-determined speeds.*® From a research perspective, highly
controlled lab-based gait retraining allows objective assessment of the training effect
between runners. However, a major disadvantage is the low accessibility of labs and
specialized equipment which may not be available to the general running population.®
Secondly, an intensive training schedule within the lab could disrupt a runner’s regular
training routine. This may discourage competitive runners who are training for upcoming
races.?’ Lastly, the carry-over of training effect to untrained conditions remains largely
unknown. There have only been a few studies that examined the carry-over effect of

treadmill-based gait retraining to overground running. Zhang et al. assessed the reduction
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of axial PTA on both overground and treadmill running following eight sessions of gait
retraining on a treadmill. This study reported smaller reductions, as evidenced by smaller
effect sizes, during overground running compared to the treadmill.** Similarly, Sheerin et
al. also reported a smaller effect size on resultant PTA reduction when runners were
assessed overground as compared to the treadmill.*°

Recently, a research group conducted gait retraining overground.3637 They
developed a wearable system that provides real-time feedback on axial PTA while runners
were running laps along an indoor track. While the training still required the supervision
of researchers due to the complexity of the set-up and followed a strict schedule, it has
demonstrated the potential of training in more ecologically valid conditions.®

Four studies adopted an unsupervised training protocol where runners trained in
their own preferred running conditions. Considering that increasing cadence is a
modification that can be implemented easily,® and was considered less awkward and
required less perceived effort to change than alternating foot-strike pattern,> it is not
surprising that three of these in-field training studies targeted an increase in cadence.
Moreover, metronomes or music with a tempo matching the target cadence require
relatively simpler setups that can easily be implemented in real-world running conditions.
In all four studies with an unsupervised training protocol, none reported control of running
speed during the training, even though running speed was provided visually in one of the
studies.*? Results of these studies suggested that speed control during training may not be
necessary; self-paced training is not likely to affect the effectiveness of training. Wang et
al. and Yang et al. reported a drop-out/non-compliance rate of 20 and 26.7% within their
prescribed 12-week training schedule. The lower drop-out rate in Wang et al.’s study
might be attributed to the weekly group training sessions designed to ensure compliance.*

Compliance may be further improved if the training can be integrated into the runner’s
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normal training routine. For example, Hafer et al. instructed runners to use the feedback
system for at least 50% of their regular training,3® and Willy et al. instructed runners to
use the smartwatch for visual display of cadence for their next eight regular training
sessions.*? All participants in these two studies complied with the training protocol, and
no drop-out was reported.

Most of the studies listed in Table 2.2 adopted a faded feedback design.
Biofeedback was provided constantly during the first half of the training (i.e., the initial
two to four sessions), which has been considered the acquisition phase of the training.
During the acquisition phase, the runner develops an association between the external cue
(i.e., biofeedback) and the internal sensory cues required for the new gait pattern. In the
second half of the training, which was considered the transfer phase, feedback was
removed for certain periods of time within the training. This fading feedback strategy was
designed to prevent reliance on external cues, enhance internalization and promote

retention.6:10.20
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Training schedule

Study Training condition Feedback strategy
Length Schedule
Bowser et al. 2018 Treadmill 3 weeks 8 sessions; Fading: T5 - T8
15 to 30 minutes
Chan et al. : 8 sessions; -
20184 Treadmill 2 weeks 15 10 30 minutes Fading: T5 - T8
Chan et al. : 8 sessions; .
20208 Treadmill 2 weeks 15 to 30 minutes Fading: T5-T8
Cheung et al. : 8 sessions; ——
2018% Treadmill 2 weeks 15 10 30 minutes Fading: T5 - T8
Ching et al. . 8 sessions; —
2018% Treadmill 2 weeks 15 10 30 minutes Fading: T5-T8
Clansey et al. . 6 sessions;
20143 Treadmill 3 weeks 20 minutes -
Crowell and Davis : 8 sessions; .
20113 Treadmill 2 weeks 15 1o 30 minutes Fading: T5 - T8
Derie et al.
2022 6 sessions;
& Overground; indoor track 3 weeks 20 minuteé Fading: T3-T6
Van den Berghe et al.
20223637
Futrell et al. . 8 sessions; .
20203 Treadmill 2 — 3 weeks 15 1o 30 minutes Fading: T5 - T8
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Hafer et al.
2015%°

Sheerin et al.

202040

Wang et al.
20204

Willy et al.
20164

Yang et al.
2020%

Zhang et al.
2019%

Zhang et al.
2019%

Not controlled

Treadmill

Not controlled

Not controlled

Not controlled

Treadmill

Treadmill

6 weeks

3 weeks

12 weeks

Not controlled

12 weeks

2 weeks

2 weeks

> 50% of their
regular training

8 sessions;
15 to 30 minutes

36 sessions;
5 to 48 minutes

8 sessions;
regular training

36 sessions;
5 to 48 minutes

8 sessions;
15 to 30 minutes

8 sessions;
15 to 30 minutes

Fading: T5 - T8

No feedback: T4, T6 and T8

Fading: T5 - T8

Fading: T5 - T8

Fading, feedback progressively removed at specified training session(s) (e.g., T5 refers to training session 5).

Table 2.2. Summary of training protocols for gait retraining studies on healthy runners with kinetic outcome measures.
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2.2

Use of wearables in gait analysis

2.2.1 Overview of wearables used for gait analysis

A large-scale survey with 1,997 respondents published in 2017 reported that 86.2%
of half-marathon runners have used at least one monitoring device to record their training
over the past year.>® Smartphone apps and GPS-enabled running watches were the most
commonly used wearable devices.>>° These commercially available devices can record
simple metrics such as distance, running time, speed and location of each run.%® These
detailed training records provide accurate data for researchers to objectively analyze the
training habits of runners without the risk of recall bias. Our research group conducted a
study to examine the impact of COVID-19 restrictions on runners’ training habits by
analyzing the training records before and after March 2020.%° It was observed that runners
increased their weekly mileage and training frequency during the pandemic when
compared to a 9-month period prior to the implementation of COVID-19 restrictions. From
an injury perspective, real-world training information obtained from wearable devices can
help researchers identify training errors that may contribute to RRIs.%°

More advanced metrics can be obtained using research-grade wearable systems.
The advancement of wearable technology has presented researchers with the option to
conduct gait analysis outside of the lab and under real-world conditions. A recent
systematic review on wearable systems used in gait analysis summarized a list of
biomechanics variables that can be measured using wearable systems.®* The most common
spatiotemporal parameters include ground contact time, cadence and stride length;
kinematic parameters include ankle kinematics and foot strike pattern/angle; and kinetics
parameters include tibial acceleration and plantar pressure.

The use of wearables to measure variables pertinent to this thesis, including foot-

strike pattern, cadence and tibial acceleration, are presented in sections 2.2.2 to 2.2.4.
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2.2.2 Foot-strike pattern

Foot-strike patterns can be classified visually into RFS, MFS or FFS using footages
obtained from high-speed cameras.® It can also be quantified by strike index, the center
of pressure in relation to the length of the foot at initial contact.®® The measurement of the
strike index typically requires the use of force plates or pressure mats to obtain the center
of pressure. The sagittal FSA measured with two-dimensional or 3D motion capture
systems was found to be strongly associated with the strike index.> The measurement of
FSA have been widely used to identify foot-strike patterns in situations where force plates
may not be available.®264 Recently, various methods using different wearable instruments
have been developed to identify foot-strike pattern outside of the lab. Wearable
instruments used to measure foot-strike patterns can be categorized into
accelerometer/IMU-based and pressure/force sensing insole-based.5!

Accelerometers have been used to detect foot-strike patterns. Giandolini et al. fixed
two uniaxial accelerometers onto a running shoe, one at the heel above the midsole and
one over the fifth metatarsal head.®® The time difference between the acceleration peaks
from the two signals was used to classify the foot-strike pattern. This method was validated
against FSA obtained by two-dimensional video analysis. The running tests were repeated
across different speeds and slope conditions. This study reported an overall accuracy of
83.1 — 86.3% in foot-strike pattern identification and a strong correlation with FSA (r =
0.916) except for extreme FFS.

Another method to detect foot-strike patterns is to use an IMU. An IMU has an
accelerometer, a gyroscope and a magnetometer. Two methods used both the tri-axial
accelerometer and the tri-axial gyroscope components to identify foot-strike patterns.%6-68
The IMU was fixed on to the dorsal surface of the shoe® or the foot.®®” The resultant

accelerometer signal was used to identify initial contact. One method used the foot angle,
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calculated by integrating the gyroscope signal, to determine the change in direction of the
foot within a short time window around initial contact.® This method was validated against
the 3D motion analysis system and reported strong correlation across different speeds and
foot-strike patterns (r = 0.98). Another method used the direction of angular rotation within
15 ms of initial contact to identify foot-strike patterns.566” This method was validated
against FSA measured by two-dimensional video analysis. This study reported a 92.2%
accuracy in distinguishing between a RFS and a non-RFS and a strong correlation with
FSA (r =0.868).

Pressure sensors or force sensors embedded into insoles can also be used to identify
foot-strike patterns. Pressure insoles (e.g., Pedar, Novel, Munich, Germany) can record the
location of the center of pressure at initial contact and be used to compute the strike index
and foot-strike pattern.®® A low-cost alternative would be to use force sensors embedded
in the insole at the heel and the second metatarsal.” The time difference between the onset
of the two force sensors can be used to detect foot-strike patterns. This method was
validated across different slope conditions and a strong correlation was found with the

strike index (R? = 0.84).

2.2.3 Cadence

Cadence is among the most commonly reported variables in gait analysis using
wearables.%? Cadence refers to the number of foot-strikes within a minute. It can be
calculated based on the number of gait events (e.g., initial contact, toe-off, resultant PTA
peaks) over a known period of time. Multiple methods of gait event detection, using IMUs
or force plates,”*72 can be used to calculate cadence inside and outside of the lab. In general,
cadence could be accurately measured by wearable devices mounted at the foot/shoe, the

tibia and the lower-back.5!
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2.2.4 Tibial acceleration

Measures of tibial acceleration, including axial and resultant PTA, have been
reported in at least 30 studies that used accelerometers or IMUs.*¢61 The devices used in
these studies vary in a range of parameters including the operating range and sampling
frequency.*® Both parameters could affect the validity of PTA measurements.

The operating range is the upper and lower limits of the signal magnitude that can
be captured, exceeding this limit will result in clipped signals.*® Mitschke et al. measured
axial PTA using an accelerometer where participants were asked to run in three different
shoe conditions at 3.33 m/s. This study reported up to 28.17% decrease in accuracy for
axial PTA measured using a low operating range accelerometer (+ 8-g vs + 70-g) and
recommended research studies to use accelerometers with an operating range of £16-g or
larger for measurement of axial PTA.” However, clipped signals have still been reported
in IMUs with an accelerometer operating range of +16-g.”4"

A recent study assessed the reliability of axial and resultant PTA measurement
using a range of acceleration sampling frequencies on concrete and grass running. This
study recommended a minimum sampling frequency of 199 Hz for axial and resultant PTA
measurements.’® Another recommendation was made in Sheerin et al.’s review.*® Power
spectral analyses have revealed the predominance of tibial acceleration signal power was
concentrated below 60 Hz, based on the Nyquist theory and signal noise contributed by
human motion, Sheerin et al. recommended a minimum sampling frequency of 300 Hz for
tibial acceleration measurements.

Apart from the device parameters, the placement and alignment of the
accelerometer can also affect the validity and reliability of PTA measurements. A recent
study found that a small proximal shift of 2 cm of the accelerometer could result in a lower

PTA.”” Axis alignment affects the reliability of axial PTA measurements, while resultant
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2.3

PTA is less sensitive to alignment error and was found to be more reliable between
sessions.4”53 Qverall, axial and resultant PTA have shown excellent within-session
reliability and good between-session reliability within the lab.5%® However, reliability for

real-world running have yet to be established.

Biomechanical differences between lab-based and real-world running

2.3.1 Running under real-world conditions

The advancement in wearable technology has offered new opportunities for
researchers to analyze the running gait under real-world running conditions. However,
“real-world running conditions” can vary between runners, including differences in
location (i.e., indoor or outdoor) and running surface (e.g., treadmill, grass, concrete, track).
While it is difficult to define a universal “real-world running condition” that applies to all
runners, there are conditions that are generally considered a better representation of
runners’ usual running conditions. In section 2.3.2, the differences in biomechanical
variables relevant to this thesis between treadmill and overground running are presented;

and in section 2.3.3, the biomechanical adaptations during sloped running are presented.

2.3.2  Treadmill vs. overground running

The use of motorized treadmills within biomechanical research is popular.”#
When using treadmills for running gait assessments, researchers get better control of the
environment, easy instrumentation to maintain a certain speed and slope, and higher test
replicability.8! However, treadmill running may not be fully representative of a natural
running condition for the majority of runners. Large-scale surveys on recreational runners

found less than 6% of runners predominantly train on a treadmill, 898283 most runners prefer
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training on the road, trail or track.? The generalizability of treadmill running biomechanics
to overground running remains equivocal.”®

In a systematic review of biomechanical differences between treadmill and
overground running, FSA was found to be significantly smaller during treadmill running
than overground track running.” In the review, two studies were considered. Wank et al.
compared FSA between indoor overground track running and treadmill running at 4 and 6
m/s. Significantly smaller FSA was observed in treadmill running for both running speeds,
compared to overground running (Table 2.3). Chambon et al. also compared FSA between
overground running along a lab runway and treadmill running, with different shoe
conditions varying in rearfoot midsole thickness. Among all shoe conditions, FSA was
significantly smaller in treadmill running than in overground running (Table 2.3). The
difference in foot-strike pattern between overground and treadmill running was further
demonstrated in a recent study. Lafferty et al. used a drone to capture sagittal views of
runners while running overground along an outdoor track and on a treadmill, three raters
proficient in clinical gait analysis identified the foot-strike pattern of each condition
through the videos.®* Exact foot-strike pattern for each condition was not reported in the
study, however, the foot-strike pattern had only moderate agreement between the

conditions.
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Study Participants Runng;g/;;peed Overground  Treadmill

Foot-strike angle (°)

4
(OS: +0.05 m/s) 176 £125 6.7 £10.8
Wank et al.
85 10 male runners
1998 6
(0S: + 0.05 m/s) 6.9+ 105 1.3+8.9
a)16.1+83 52186
Chambon et al. 12 male runners Preferred speed
2015%  (RFS:1L;MFS:1)  (0S:+5%)  »196+89 80x83
c)20.3+83 11.4+56
Cadence (steps per minute)
Elliott and 12 male runners 5.41 182.4+10.2 188.4+12.6
Blankshy
1976° 12 female runners 5.29 1842 +11.4 204.0 +13.8
0S: + 6105 / 1596+6.6 165.0+7.2
Wank et al. (OS: £0.05 mfs)
85 10 male runners
1998 6
(OS: + 0.05 m/s) 186.0£9.6 196.2+9.6
. 10-km race pace;
Riley et al. 20 runners 380+0.61  1703+158 1751+110
200888 (female: 10) )
(OS: 3.84 £ 0.64)
Tao et al. 21 runners
201989 (female: 17) 45+0.4 1756+9.2 184.8+128

0S, overground speed was controlled within the boundaries; RFS: rearfoot strike runners;
MFS: midfoot strike runners.

a, b and c in Chambon et al.’s study referred to the midsole thickness of 0-, 4-, and 8-mm
drop.

Table 2.3. Selected studies comparing foot-strike angle and/or cadence between overground

and treadmill running.
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In Van Hooren et al.’s review, eight studies were considered for the difference in
cadence between treadmill and overground running.” Cadence was found to be either
comparable or higher in the treadmill condition when the running speed was matched,’®
except for one condition in a study where cadence was found to be lower in treadmill
running (treadmill: 189.0 £ 7.8 vs. overground: 199.2 + 7.8 steps per minute) at high speed
(6.4 m/s).° Table 2.3 presents the results of studies with a significantly higher cadence in
treadmill running. Van Hooren et al. attributed the higher cadence to insufficient
familiarization with treadmill running, which could result in a more cautioned running
style with a higher cadence and shortened stride length.®* An adaptation of no less than
five minutes has been recommended.®® And in both Wank et al. and Tao et al.’s studies,
runners were given less than one minute to adapt to the treadmill before data collection.858
While insufficient familiarization may affect the running style, it is unlikely the sole reason
for the difference in cadence. Riley et al. also observed significantly higher cadence in
treadmill running even though all their participants had previous experience in treadmill
running, and were given 3 to 5 minutes to adapt and verbally confirmed to being
comfortable prior to data collection.®® Furthermore, in a recent study, Catala-Vilaplana et
al. compared the average cadence over 30-min runs on the treadmill and overground.®:
Higher cadence was still observed in treadmill running with 30 minutes of running.
Another plausible cause of the difference in cadence is the difference in running speed
perceived by the runner. In Tao et al.’s study, even though the treadmill speed was set to
match the overground running speed, runners perceived the treadmill speed to be
significantly faster.® In fact, when runners were asked to match their overground preferred
speed on a treadmill, runners were found to run 27.1% slower on the treadmill.®?

Overground and treadmill speeds are perceived differently. In theory, speed is increased
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by increasing cadence and/or stride length, the increase in cadence observed on the
treadmill could be an adaptation to the perceivably faster speed.®°

A number of studies have compared axial and resultant PTA between treadmill and
overground running.”7%%-% Depending on the running surface of the overground
condition, axial PTA have been found higher,”%-% comparable®>°-° or lower®® than
treadmill running. In studies which compared PTA between relatively shorter indoor
runways (30 to 75-m) and treadmills, similar axial PTA was reported,®°"-%° with one study
reporting similar resultant PTA.%® Alternatively, axial PTA was found to be higher in
various overground conditions, including rubberized track,% asphalt,®* grass and sidewalk
conditions compared to the treadmill.®> Resultant PTA was also found to be higher in
overground grass and sidewalk conditions.® Johnson et al. found axial and resultant PTA
to be higher when running overground during a marathon compared to a lab-based
treadmill test conducted before the race.” Sheerin et al. reviewed extrinsic factors that
affect PTA measurements and suggested that the lower compliance of the treadmill surface
compared to concrete runways contributes to the difference in PTA,% and yet, noted that
the relationship may not be linear. Fu et al. found no significant difference in axial PTA
between grass, synthetic track and concrete runways even though the three surface has
different compliance. Similarly, axial and resultant PTA were comparable between dirt,
gravel and paved runways.1% Another factor that affects PTA measurements is the running
speed, a faster running speed has been associated with higher PTA 464875101 Instead of
restraining runners to the same speed as the treadmill runs, Dillon et al. asked runners to
run at their typical training pace and found significantly faster speed in the overground
conditions.® The change in speed in this study may partially contribute to the higher PTA

observed.
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Although the difference in foot-strike pattern, cadence and PTA measurements
between overground and treadmill running were presented separately, they are likely
interdependent on each other and other biomechanical differences.*¢® Furthermore,
stride-to-stride variance was found higher in overground running than treadmill running,
in terms of spatiotemporal parameters,921% lower-body movement® and muscle
activation pattern.1%2 Considering that gait biomechanics during treadmill running may not
fully represent overground running, it is important for studies investigating the effect of
interventions, including gait retraining and footwear, to assess runners under conditions

that match the typical running conditions.”

2.3.3 Sloped running

The vast majority of running studies, treadmill or overground, were conducted on
a level surface.'® And yet, slopes are often found within real-world outdoor running
environments, including roads and trails. Recreational trail running has been popular in
the US since the 1970s, and its popularity has expanded to Europe, Asia and South
America since the 2000s.1% Understanding the biomechanical changes on slopes is
important for studies aiming to alter biomechanics in real-world conditions.

A review published in 2017 reported differences in foot-strike pattern when
running uphill and downhill, as compared to a level surface.’%® Gottschall and Kram
observed a transition from RFS to MFS in three out of ten runners when running at an
incline (+10.5%).%%7 Similarly, Lussiana et al. compared FSA across a series of grades (0,
+2, +5 and £8%) when runners were running in two shoe conditions (i.e. traditional vs.
minimal) and reported reduced FSA in both shoe conditions, indicating a MFS/FFS
transition at +8%.1% This foot-strike pattern transition has also been observed in more

extreme incline conditions during treadmill (+15.8%)7 and overground running (+14 —
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48%).%° It is important to note that the runners in these studies were habitual RFS runners,
the effect of incline on FSA or foot-strike pattern in MFS or FFS runners remains unknown.
As for downhill running, most biomechanical studies have reported unaltered foot-strike
pattern.5%107.108 Stydies have proposed that foot-strike pattern transition in downhill
running could be affected by the runner’s experience in trail running'® or the terrain of
the trail,*1%1! yet evidence was not conclusive and presented large between-subject
variance.!!!

Changes in cadence between uphill/downhill conditions and level surfaces have
been reported in previous studies conducted within the lab.2% Generally, uphill running
has been associated with a higher cadence than level running.05107.112113 Eor example,
Telhan et al. found 1.2% higher cadence at +7% grade when running at 3.33 m/s.112 At
higher speeds, Padulo et al. also found 4.1 — 12.1% increase in cadence among elite runners
at +2% grade and an even greater increase (7.3 — 15.9%) at +7% grade.''®* On the other
hand, the difference in cadence between downhill and level running was inconsistent. Two
studies found no significant difference in cadence between level and across grades ranging
between -15.9 and -2%.19"112 However, Lussiana et al. observed a reduced cadence (0%:
163.2 £ 6.0, -5%: 159.6 = 7.2, -8%: 159.0 + 8.4) at -5 and -8% conditions when runners
were tested at a slower speed (i.e., 2.72 m/s). It should be noted that in these studies with
lab-simulated uphill and downhill conditions,107:108.112.113 spneed was kept constant between
conditions; this experimental design has limited the runner’s ability to regulate speed.%>114
To investigate the change in speed in real-world conditions, Townshend et al. conducted
a time trial among a group of experienced runners, where they were completely free to
adjust their speed across an 11-km outdoor route with changes in gradient (+11.7%).1* On
average, runners were running 23% slower when running uphill and 13.8% faster when

running downhill. Interestingly, the average cadence was similar across the conditions. In
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another real-world study where a world-class runner was monitored over a 45-km trail race
(-18.5 to 34.7%), similar changes between slope and speed were observed.'*® This study
found a significant negative correlation between slope and speed (i.e., slower speed at
uphill), in addition, a significant negative correlation between slope and cadence (i.e.,
lower cadence at uphill).

In two treadmill-based experiments,!'>!16 negative correlations were observed
between slope and axial PTA (Figure 2.2). In Chu and Caldwell’s study,'® 10 male runners
ran at five sloped conditions, and a 23% higher axial PTA was reported during downbhill
running at -12% grade. Similarly, Hamill et al. tested 10 male runners between -9 and +6%
at increments of 3%. Compared to the level condition, axial PTA was 30% larger when
running downhill at -9% grade, and 23% lower when running uphill at 6% grade.'*6
However, this relationship between slope and PTA was more complex under real-world
conditions. In Waite et al.’s study, a significant interaction was observed between slope
condition and surface type.'!” Running on a +4% incline resulted in lower axial PTA than
level running in the asphalt condition but not the grass condition. Moreover, natural
adaptations to slopes, including changes in foot-strike pattern, running speed and cadence,
could also influence axial and resultant PTA measurements. Giandolini et al. tested 23
experienced runners along a downhill running trail and monitored the foot-strike pattern
and tri-axial tibial acceleration throughout the 6.5-km run.!'! They found that runners
adopting a FFS during downhill running have higher axial PTA but lower transverse
(antero-posterior axis) and resultant PTA compared to runners adopting RFS. The authors
speculated that the tilted position of the lower leg at initial contact (i.e., more vertical for
FFS) might contribute to the PTA differences found between foot-strike patterns. Apart
from the magnitude of the peaks, the timings of the axial and transverse peaks within the

gait cycle were also found different across slopes.!® Given that the resultant tibial
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acceleration is a time-series signal, computed as the resultant vector of the tri-axial
acceleration, difference in magnitude and timing of the axial and transverse peaks would
affect the resultant PTA.195111 Cadence has also been found to affect axial and resultant
PTA. In a lab-based study, increased cadence has been shown to result in lower axial PTA
when running on a level surface at a set speed.'® This negative correlation has also been
observed in a real-world case study where an increased cadence resulted in lower vertical
and resultant PTA.110

Considering the relationship between slope, foot-strike pattern, speed, cadence, and
PTA, future investigations along slopes should be conducted under real-world conditions

and runners should be free to self-regulate speed in order to enhance the ecological validity.
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Figure 2.2. Negative correlation between gradient and axial peak tibial acceleration (PTA).
Values adopted from Chu and Caldwell 20045 and Hamill et al. 1984.1%6 Standard
deviations indicated by vertical lines. PTA are presented in unit of g (gravitational constant, g
=9.81 m/s?).
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24 Summary

Lab-based gait retraining has demonstrated promising results in modifying runners’ gait
patterns and has been posited as an approach to mitigate the risk of RRIs. However, most
training protocols were lab-based and runners were trained under a specific condition (i.e.,
treadmill). Low accessibility and limited transfer of the training effect to real-world running
conditions are major drawbacks of lab-based gait retraining. To overcome these limitations,
researchers have proposed to incorporate gait retraining within the runners’ regular training.
With the recent advancement of wearable technology, there is a potential for gait retraining to
be conducted outside of the lab. Hence, the main objective of this thesis was to design a training
protocol to effectively train runners under real-world conditions.

Few studies have examined the transfer of training effects to untrained conditions, this
thesis presents two studies that aimed to identify the limit of transfer to better establish the
desired conditions for training. Moreover, natural biomechanical adaptations under real-world
conditions could affect the effectiveness of training, but these adaptations were not fully
understood. The thesis presents a study that aimed to further examine these biomechanical
adaptations. Furthermore, reliability studies are warranted to better inform on the protocol and
equipment used for gait assessment under real-world conditions. The thesis presents two
studies which examined the validity and reliability of using wearables to measure gait
parameters relevant to the proposed gait retraining protocol.

Finally, a training protocol designed for training along outdoor routes with elevation
changes was proposed based on the findings of the previous studies. To conclude the thesis, a
proof-of-concept study aimed to explore the feasibility of adopting the proposed training
protocol was presented. The findings of this thesis provide insights and inform future designs

of gait retraining systems that are suitable for use under real-world conditions.
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CHAPTER 3
CARRY-OVER EFFECTS OF TREADMILL-BASED GAIT RETRAINING
ON FOOT-STRIKE PATTERN, CADENCE AND VERTICAL LOADING

RATES DURING OVERGROUND RUNNING

3.1  Introduction

Running gait retraining has demonstrated promising results in modifying Kinetics,
kinematics and spatiotemporal parameters among healthy runners.>’ From a clinical
perspective, it has been posited as a viable approach to mitigate the risk of RRIs.*3-15

Many gait retraining studies did not track injury incidence after the training, instead, only
assessed the immediate biomechanical changes. For instance, Cheung et al. examined a gait
retraining protocol for reducing the risk of running injuries by comparing the changes in PTA
and vertical loading rates before and after a 2-week gait retraining where runners were guided
by a traffic-light indicator to soften their footfalls.®? Elevated PTA and vertical loading rates,
including VALR and VILR, have been associated with patellofemoral pain, plantar fasciitis
and tibial stress fracture.#?! Similarly, Willy et al. measured and compared peak hip adduction
in addition to vertical loading rates before and after an in-field gait retraining that was designed
to increase the cadence of runners.*? Excessive peak hip adduction has been associated with a
history of tibial stress fractures and iliotibial band syndrome.?”:11° This type of study determines
the training goals and outcome measures based on established biomechanical risk factors of
common injuries. The findings of these studies have provided runners and clinicians evidence
to inform on adopting such programs for mitigating injury risk. However, in order to obtain
optimal clinical benefits, the modified running pattern has to be adopted in real-life running
after the training. To date, the effect of gait retraining was mostly assessed only within the

trained condition (i.e., treadmills). The carry-over effect to overground running remains largely
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unknown. There have only been a few studies that examined the carry-over effect of treadmill-
based gait retraining to overground running. Sheerin et al. and Zhang et al. both assessed the
reduction in PTA on both overground and treadmill running following a course of gait
retraining on a treadmill.*%4 Both groups reported larger reductions, as evidenced by larger
effect sizes, during treadmill than overground running after completion of the gait retraining
program.

Several studies have investigated the biomechanical differences between treadmill and
overground running. A systematic review found that PTA, vertical loading rates and cadence
were comparable between treadmill and overground conditions.” However, a larger
discrepancy was reported among kinematic outcome measures, such as the FSA. On average,
the FSA was found to be significantly lower and more towards a MFS during treadmill running
than overground track running by 9.8°.7° Modifying a runner’s foot-strike pattern from RFS to
MFS or FFS through gait retraining has been studied for the benefits of reducing vertical
loading rates and potentially lowering the risk of injuries.31:38.120.121 However, it is important to
note that these previous studies have only conducted treadmill-based assessments. Taking into
account the large discrepancy in FSA between treadmill and overground running, it is unclear
whether runners who were trained on a treadmill to change their foot-strike pattern would
demonstrate the same changes in overground running.

This study aimed to examine biomechanical changes during both treadmill and overground
running following a treadmill-based gait retraining. The gait retraining was designed for
habitual RFS runners to transition to MFS. The primary variable of interest was FSA, a
quantitative measure of foot-strike pattern. The secondary outcomes included cadence, VALR
and VILR. It was hypothesized that participants would be able to run with a reduced FSA (e.g.,
towards MFS) with reduced vertical loading rates after the training, and the training effect

would be larger during treadmill than overground running.
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3.2

Methods

3.2.1 Participants

The sample size required was estimated using G*POWER 3.1 (Universitat Kiel,
Germany). According to a previous study with an identical training protocol, an effect size
of 1.06 for the primary variable of interest and a responder rate of 40% were used for the
estimation.3* With alpha set at 0.05, a sample of 12 runners would be sufficient to achieve
a power of 0.8 in the present study. Recreational runners who were actively involved in
running for more than 10 km per week and habitually adopted RFS were recruited from
running clubs in Hong Kong. The exclusion criteria were set as follows: 1) any active
lower-extremity injuries within the previous 6 months or other musculoskeletal or
neurological conditions that might affect natural running gait and 2) actively participating
in gait modification training. All potential participants underwent an initial screening, and
based on a previously reported screening protocol,3! runners with RFS for over 90% of the
footfalls were included. All eligible participants were given a detailed explanation of the
experiment before signing an informed consent approved by the departmental research
committee, Department of Rehabilitation Sciences of The Hong Kong Polytechnic

University (HSEARS20161017001).

3.2.2 Initial screening

The initial screening, gait assessments and gait training were conducted in the Gait
and Motion Analysis Lab at the Hong Kong Polytechnic University. A self-reported
training speed used for a typical 30-minute training session was recorded for each
participant. This speed was used for all assessments and training sessions. Two reflective
markers were firmly affixed onto each participant’s right foot on the surface of the shoe,

with one on the heel and one on the second metatarsal head, according to the model
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established in a previous study.%® Three-dimensional marker positions were recorded using
an 8-camera motion capture system (Vicon, Oxford, UK) with the participant standing still
on a flat, level surface. The participants were instructed to run on an instrumented treadmill
(force-sensing tandem treadmill, AMTI, Watertown, MA, USA) at the recorded speed
while marker trajectories and GRF were recorded at 200 Hz and 1,000 Hz respectively for
five minutes using the motion capture system. The foot-strike pattern was categorized
based on the FSA ranges reported in Altman and Davis’s study, detailed computations
of FSA and foot-strike pattern classification are described in section 3.2.5. Runners with

RFS for over 90% of the footfalls were considered eligible for the study.

3.2.3 Gait assessment

Following the initial screening and a 15-minute rest, all eligible participants were
evaluated in a baseline assessment session, wearing their usual running shoes. The same
pair of shoes was used for each participant throughout the entire experiment. Two
reflective markers were affixed at the same position as the initial screening. The
assessment was separated into two parts, a treadmill assessment and an overground
assessment, which were conducted in a randomized order.

For the treadmill assessment, the participant completed a 5-minute running bout at
the determined speed. Marker trajectories and GRF of the last 10 right footfalls were
sampled at 200 Hz and 1,000 Hz respectively using the motion capture system.

The overground assessment was conducted using two in-ground force plates (Total
area: 0.4 x 1.2 m?; AMTI, Watertown, MA, USA) embedded within a 10-m runway and a
10-camera motion capture system (Vicon, Oxford, UK). Five practice trials were allowed
before data collection for participants to adapt to the running condition and the determined

speed (£5%). The running speed of the trials was monitored by speed timing gates (Fusion
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Sport, Brisbane, Australia) placed 4.2 m apart. Marker trajectories and GRF were recorded
for 10 successive trials with the right foot striking the force plates. The sampling frequency
was set to be identical to the treadmill assessment.

A post-training assessment was conducted one hour after the last training session.?*
The procedure was identical to the baseline assessment, with the sequence of the treadmill

and overground running assessment randomized.

3.2.4 Gait retraining

Participants were informed of the three foot-strike patterns (i.e., RFS, MFS and
FFS) and were instructed to modify their foot-strike pattern and maintain a MFS pattern
with the help of the visual feedback. The gait retraining was conducted on the instrumented
treadmill.

At the beginning of each session, five reflective markers were affixed on the right
shoe and leg of the participant (Figure 3.1), following the marker model used during the
initial screening and reference markers at the lateral malleolus, lateral surface of the shank
and lateral femoral epicondyle. The three reference markers were used to enhance the auto-
tracking performance. Marker positions were recorded when the participant stood still on
the treadmill. During training, marker trajectories and GRF of the five reflective markers
were live-streamed from the motion capture system to MATLAB (R2019a, The
MathWorks, Inc., MA, USA). At each right foot-strike, determined by GRF exceeding 10
N,® the FSA was calculated by subtracting the sagittal angle during standing from that
measured during running. The foot-strike pattern was categorized based on the FSA ranges:
RFS > 8°; 8° > MFS > -1.6°; FFS < -1.6°.%° The visual feedback comprised of a graphical

display of the foot-strike pattern and a 3-letter label (Figure 3.2), which was displayed on
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a monitor placed in front of the treadmill. The feedback was refreshed after each right foot-
strike.

The training program has a total of eight sessions over two weeks, each last
between 15 and 30 minutes. Visual feedback was provided continuously for the first four
sessions. In the last four sessions, the feedback was progressively removed for two to 28
minutes to enhance motor learning and retention. This protocol was adopted from previous
gait retraining studies.'*313> None of the participants received any other types of feedback

on foot-strike patterns outside of the training.
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Figure 3.1. Marker model used for detection of foot-strike pattern.
Figure shows three reference markers and two markers (circled in red) used for computation

of foot-strike angle.
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FFS MFS RFS

Figure 3.2. Visual feedback for forefoot strike (FFS; left), midfoot strike (MFS; middle) and
rearfoot strike (RFS; right).
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3.2.5 Data processing and analysis

Custom-written MATLAB code was used to analyze both kinematic and Kinetic
data. Marker trajectories of both treadmill and overground assessments were filtered by a
fourth-order Butterworth recursive low-pass filter, with the cut-off frequency set at 8
Hz.12? Time of initial contact was defined as the time the GRF exceeded 10 N.3° The FSA
was calculated as the angle of the foot with respect to the ground in the sagittal plane as
described previously. Cadence was calculated as the number of foot-strike per minute
using the number and time of initial contacts for treadmill assessment and the time between
three initial contacts identified using the foot vertical position algorithm as described in
Alvim et al.’s study within the middle of the runway.*?® Vertical GRF data from both
treadmill and overground assessments was filtered by a fourth-order Butterworth recursive
low-pass filter, with the cut-off frequency set at 50 Hz.1?? Loading rates, including VALR
and VILR, were obtained by the method described in a previous study.?* The average and
maximum slope from 20 to 80% of the vertical GRF magnitude at the impact peak are
presented as VALR and VILR respectively. In the absence of a detectable impact peak,
the value at 13% of the stance period was considered as the vertical GRF magnitude of the
impact peak.'?* Both VALR and VILR were normalized with body mass and all variables
were averaged across all 10 footfalls for each condition.

A successful transition to MFS was defined as an average FSA within the
boundaries of MFS in each running condition. The percentage of successful MFS
transition was compared descriptively. Statistical analyses were performed using SPSS
software (Version 26, SPSS Inc, Chicago, IL, USA). The global level of significance for
all statistical calculations was set at 0.05. Repeated measures analysis of variance
(ANOVA) with a 2 x 2 design were conducted to analyze the interaction between training

(Baseline vs. Post-training) and the running condition (Treadmill vs. Overground). Post-
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hoc paired t-tests were conducted when applicable. For each running condition, Cohen’s
d was calculated for each variable to evaluate the effect size between time-points. The
coefficients were interpreted as trivial, small, medium and large effects for d < 0.2, 0.2 <

d<0.5,0.5<d<0.8and d> 0.8 respectively.”31?

3.3  Results

Twelve male distance runners (mass = 68.1 + 9.8 kg; height = 1.8 = 0.1 m; weekly mileage
=31.7 £ 17.3 km; running experience = 5.4 + 3.7 years) completed this study. All participants
completed the gait retraining with no adverse effect reported. The speed used for assessment
and training was 3.0 + 0.3 m/s. At baseline, runners ran with RFS for 99.82 + 0.63% and 99.24
+ 2.62% of the footfalls during treadmill and overground running respectively.

Six out of 12 participants were able to reduce their FSA to below 8°, indicating a successful
adoption of a MFS running pattern during treadmill running. However, two participants in this
sub-group were not able to maintain a MFS pattern during overground running. The
percentages of successful MFS transition were 50% and 33% for treadmill and overground
respectively. The effect of gait retraining on FSA did not interact with running conditions (np?
= 0.008, p = 0.774). Simple main effects analysis showed that training has a statistically
significant effect on FSA (p < 0.001), but not the running condition (p = 0.708). While FSA
was reduced in both running conditions after the training (ps = 0.001), a larger reduction of
FSA was observed on the treadmill (Cohen’s d = 2.22) than in overground running (Cohen’s d
=1.69) (Table 3.1).

Significant interaction was found for cadence between training and running conditions (np?
=0.489, p = 0.008). Post-hoc analyses revealed that runners ran with an average of 8.26 more
steps per minute on the treadmill after the training (Table 3.1). However, the change in cadence

was not observed in overground running (p = 0.293).
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Regarding loading rates, no significant interaction was found in VALR (np?>=0.111, p =
0.266). Simple main effects analysis showed that the running condition has a statistically
significant effect on VALR (p = 0.032), but not training (p = 0.130). However, there was a
significant interaction between training and running conditions on VILR (mp?> = 0.319, p =
0.044). Post-hoc analyses revealed a large and significant reduction in VILR during treadmill

running (Table 3.1), but not in overground running.
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Condition Baseline Post-training P-value Cohen’s d
FSA (°) 17.4+4.0 79+4.6 0.001* 2.22
Cadence 177.37 £ 7.72 185.64 +11.06 0.009* 0.87
. (steps/min)
Treadmill
VALR (BWI/s) 93.94 +31.97 78.25 £ 22.76 0.102 0.72
VILR (BWI/s) 112.06 + 31.08 91.03 £23.82 0.046* 0.76
FSA (°) 20.2+5.1 10.2+6.6 0.001* 1.69
Cadence 179.60 + 8.92 178.13+9.35 0.203 0.16
(steps/min)
Overground
VALR(BWI/s) 80.69 + 29.49 72.78 £ 24.58 0.280 0.26
VILR (BWI/s) 90.61 £ 29.07 82.75 £ 23.31 0.305 0.27

FSA, foot-strike angle; VALR, vertical average loading rate; VILR, vertical instantaneous loading rate; BW, body weight.
* significant difference (P < 0.05) between baseline and post-training assessments.

Table 3.1. Mean + standard deviation and comparison of variables of interest at baseline and post-training assessments.
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3.4  Discussion

The aim of this study was to examine the carry-over effect of a treadmill-based gait
retraining to overground running. All participants completed a gait retraining program designed
to modify their foot-strike pattern from RFS to MFS. Biomechanical parameters, including
foot-strike pattern, cadence, VALR and VILR were assessed before and after the training on a
treadmill and along an overground runway. When assessed on a treadmill, runners ran with a
reduced FSA and VILR, and increased cadence after the training. However, only the reduction
in FSA was observed in overground running. This finding was in partial agreement with our
hypothesis, with a larger effect size in FSA for treadmill than overground runing. None of the
changes in secondary outcomes was successfully carried-over to overground running,
suggesting a limited transfer.

Runners have demonstrated their ability to adjust their foot-strike pattern. The transition
from RFS to MFS or FFS can be achieved simply by running barefoot'?® or with verbal
instructions such as “strike with the forefoot”.*27128 |n this study, we aim to induce sustainable
changes to the foot-strike pattern of habitual RFS runners, and potentially transferable to
untrained conditions. Gait retraining with repeated training sessions has demonstrated positive
results in sustainable biomechanical modifications, with changes in foot-strike pattern
maintained for up to six months® and a reduction in impact loading for up to a year¥ after the
training.

In this study, the average reduction of FSA was 9.5 ° on the treadmill. Compared to Futrell
et al.’s study where they reported a change of 17.6°,% our training protocol resulted in a smaller
change in FSA. Furthermore, the average MFS accuracy was found to be 56.2% on the
treadmill, comparably lower than 93 — 100% as previously reported by Cheung et al.*?° This
discrepancy was likely due to the difference in the training target, Cheung et al.1?® and Futrell

et al.® instructed runners to avoid RFS or to land with a FFS, while we specifically instructed
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runners to avoid over-correction into a FFS. It has been noted that the transition to FFS can
lead to pain in the calves, Achilles tendon and the foot, which could be associated with the
increased muscle activation in the gastrocnemius medialis®*° and the increased plantar load
within the forefoot region when running with a FFS.*3* When compared to our published study
which modified runners to MFS, the reduction in FSA and the percentage of successful MFS
transition within the trained condition (i.e., treadmill) were comparable.®

The reduction in FSA was also observed in overground running, indicating a successful
carry-over. From a neuromuscular control perspective, the change in foot-strike pattern is
achieved by modulating the time, duration and magnitude of muscle activity.'*> The ankle
plantar-flexors, including the medial and lateral gastrocnemius, were consistently found to be
activated earlier, longer and stronger in FFS than RFS running.130133134 Similar muscle activity
patterns within the pre-stance phase can be expected in MFS running. The muscle activity
between treadmill and overground running was found to be similar, with the difference in
magnitude observed mainly in thigh muscles (vastus medialis)'® or within the stance
phase.®®13 The neuromuscular changes adopted during the MFS training are unlikely affected
by the change from treadmill to overground running, which might explain the successful carry-
over of foot-strike pattern modification observed in this study.

Among the secondary outcomes, we observed a 4.7% increase in cadence and an 18.8%
reduction in VILR when participants were running on the treadmill. However, neither of these
biomechanical changes was observed when the participants were running overground. The 2 x
2 repeated measures ANOVAs showed a significant interaction of the training effect and the
running condition for both cadence and VILR, further indicating an absence of transfer from
the treadmill to overground. Increasing cadence has previously been shown to reduce loading
rates.®342 The absence of change in cadence when running overground might explain the lack

of change in VILR in this study. Additionally, the change in mechanical properties between
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the treadmill surface and the overground runway could also potentially affect the transfer of
changes in running kinetics. Even though the surface of instrumented treadmills is generally
stiffer than conventional treadmills, it is likely that the treadmill surface has a lower stiffness
when compared to in-ground force plates.®® Surface stiffness was previously identified as a
factor that influences the magnitude of impact force.’*¢ The difference in stiffness might
explain the absence of reduction of VILR in the untrained condition.

To our knowledge, this is the first study to assess the carry-over effect of a treadmill-based
foot-strike modification gait retraining to overground running. It has been reported that less
than 6% of recreational runners run predominantly on a treadmill,® majority of runners prefer
running on roads or trails, which are considered overground surfaces. Gait retraining has been
proposed as a technique to reduce injury risk among runners,® and it would only be meaningful
if the changes can be carried-over to conditions that are preferred by the runners. In this study,
we found that runners were able to run with a MFS but their loading rate is still high when
running overground. Since both foot-strike pattern and loading rate could potentially be related
to the risk of RRIs,*137:138 3 complete transfer might therefore be more desirable from an injury
prevention perspective.

There are a few limitations to this study. First, we have only examined the immediate
biomechanical effect of the training. Foot-strike pattern modification and reduction in loading
rate have previously been found to sustain for at least six months on a treadmill.® While it is
unclear whether the runners continue to run on a treadmill or overground, biomechanical
changes were sustained. It is unknown whether our trained participants running in their natural
training environment after the training would further modify their overground running gait.
Secondly, we did not follow-up with participants on injury. The nature of RRIs is multifaceted?
and changing modifiable biomechanical parameters associated with injury does not guarantee

a reduction in risk. Thirdly, the overground assessment was conducted along an overground
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runway with the lab. Runners were required to accelerate and decelerate at the start and end of
a relatively short runway, even though we measured speed and our variables of interest within
the middle of the section, the runway might still be considered too short to establish a stable
running pattern. Furthermore, landing impacts have been found to be higher in sidewalk or
grass conditions compared to lab runways.% The overground condition used in this study may

not fully reflect the running biomechanics in real-world running conditions.

3.5  Conclusion and implications for future studies

In conclusion, upon completion of a treadmill-based gait retraining which promotes MFS
landing, a smaller FSA, increased cadence and reduced VILR were observed in habitual RFS
runners. These modified gait mechanics were partially carried-over to overground running. The
altered foot-strike pattern observed on the treadmill was transferred to overground running, as
reflected by a reduction in FSA towards the bounds of MFS. However, the increase in cadence
and the reduction in the VILR were only observed when assessed on the treadmill. In view of
our findings, a treadmill-based running retraining protocol may not be adequate for the transfer
of modified running Kinetics to overground running.

Considering the limits of treadmill-based gait retraining, and learning is suggested to be
most effective when practice is conducted in a natural environment,®'3 gait retraining

conducted on an overground surface may therefore be favored and merit further investigations.
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CHAPTER 4
CARRY-OVER EFFECTS OF LEVEL TRACK-BASED GAIT RETRAINING
ON FOOT-STRIKE PATTERN, CADENCE AND VERTICAL LOADING

RATES UNDER SLOPED RUNNING CONDITIONS

4.1  Introduction

Some runners prefer running outdoors. Trail running provides a unique rewarding outdoor
experience that gives runners an opportunity to escape the urban environment while
exercising.4 Compared to treadmill or track running, trail running routes are often longer in
distance and have more variations in terrain and elevation.®%4! There are specific mechanical
challenges in their training, such as terrain and grade changes, and counteractive strategies are
therefore needed to mitigate injury risk among trail runners.4?

Runners experience greater impact force when running downhill, as compared to level
running.19”110 Repeated high impact loading experienced by trail runners may contribute to
bone failure and stress fracture.#? Prospective and retrospective studies have suggested that
runners with RRIs exhibit higher vertical impact loading than their healthy counterparts.*22143
Vertical impact loading, often represented by VALR and VILR, is affected by cadence and
foot-strike pattern.5”:144145 Huang et al. found that habitual RFS runners can reduce their VALR
by 42% by adopting a FFS and 7% by increasing their cadence by 10%.°” Runners demonstrate
increased cadence and progressive adoption of RFS from MFS/FFS during downhill
running,'® which could contribute to changes in loading rates. Considering the association
between the foot-strike pattern and impact loading, modifying the foot-strike pattern through
gait retraining has been proposed to reduce impact loading during running and subsequently

mitigate the risk of RRIs. There are studies that found foot-strike pattern modification from
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RFS to non-RFS effective in lowering VALR and VILR.?2%146 And yet, a more recent study
suggested that the effect of lowering impact loading through adopting MFS might not be
universal.3! The effect of gait retraining programs on foot-strike pattern modification and
loading rates, therefore, merits further investigation.

Besides, our understanding of the carry-over effect of foot-strike pattern modification to
sloped running conditions is limited. Most gait retraining studies that target foot-strike pattern
modification only examined the training effects on a level surface.3%?° It is possible that
natural biomechanical adaptations to sloped running conditions could interfere with the
training effect.

The aim of this study was to examine the carry-over effect of track-based gait retraining to
sloped running conditions. Specifically, this study evaluates the changes in FSA, cadence,
VALR and VILR on various slope conditions, including uphill (+10%), level (0%) and
downhill (-10%) running. We hypothesized that after the gait retraining, runners would
demonstrate a foot-strike pattern transition from RFS to non-RFS, and increased cadence and
a reduction in VALR and VILR in all running conditions. In addition, we hypothesize a larger

reduction in FSA, VALR and VILR during level running than in sloped conditions.

4.2  Methods
4.2.1 Participants
The sample size required was estimated using G*POWER 3.1 (Universitat Kiel,
Germany). Based on alpha at 0.05, power at 0.8 and an effect size of 0.76 on VALR in a
previous in-field gait retraining study using audio feedback,'4’ a sample of 16 runners
would be sufficient to power the present study. Recreational trail runners who were
actively involved in running for more than 10 km per week and habitually adopted RFS

were recruited from running clubs in Hong Kong. The exclusion criteria were set as
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follows: 1) any active lower-extremity injuries within the previous 6 months or other
musculoskeletal or neurological conditions that might affect natural running gait and 2)
actively participating in gait modification training. To avoid a floor effect, all potential
participants underwent an initial screening, runners with RFS for over 90% of the footfalls
and VILR above 70 body weight (BW) per second were included. A VILR higher than 70
BW/s was considered higher than the mean value plus one standard deviation (SD) in a
healthy group of runners,* adjusted for the running speed in the current study.*® All
eligible participants were given a detailed explanation of the experiment prior to signing
an informed consent approved by the departmental research committee, Department of
Rehabilitation ~ Sciences of The Hong Kong Polytechnic  University

(HSEARS20190928001).

4.2.2 Initial screening

The initial screening and gait assessments were conducted in the Gait and Motion
Analysis Lab at the Hong Kong Polytechnic University. A self-reported training speed
used for a typical 30-minute training session was recorded for each participant. This speed
was used for the level condition during assessments and training sessions. Two reflective
markers were affixed onto the heel and the second metatarsal head of the right foot,
according to the model established in a previous study.>® Three-dimensional marker
positions were recorded using an 8-camera motion capture system (Vicon, Oxford, UK)
with the participant standing still on a flat, level surface. The participants were instructed
to run on an instrumented treadmill (force-sensing tandem treadmill, AMTI, Watertown,
MA, USA) at 0% incline in the recorded speed while marker trajectories and GRF will be
recorded at 200 Hz and 1,000 Hz respectively for one minute using the motion capture

system. The foot-strike pattern was categorized based on the FSA ranges reported in
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Altman and Davis’s study.*® VILR was obtained by the method described in Crowell et
al.’s study.?* Detailed computation of VILR, FSA and foot-strike pattern classification are
described in section 4.2.6. Runners with RFS for over 90% of the footfalls and an average

VILR of over 70 BW/s were considered eligible for the study.

4.2.3 Gait assessment

All eligible participants were evaluated in a baseline assessment session, wearing
their usual running shoes. The same pair of shoes was used for each participant throughout
the entire experiment. To determine the speed for the uphill and downhill conditions, the
treadmill speed was increased from 50% of their level running speed with increments of
0.2 km/hour at 10-second intervals until the participant achieved a self-perceived
comfortable speed for that condition. Sixteen reflective markers were affixed following
the marker placement for Plug-in Gait lower-body model,'*° the two markers affixed at the
same positions as the initial screening were used for this study. Each participant completed
three five-minute running trials on the instrumented treadmill in a randomized order: level
(0%), uphill (+10%) and downhill (-10%). Marker positions for standing with feet flat on
the treadmill surface were also recorded for each slope condition. For each trial, markers
trajectories and GRF were recorded at 200 Hz and 1,000 Hz respectively during the last
minute. A 5-minute rest period between trials was introduced to avoid fatigue.4

A post-training assessment was conducted one week after the last training
session.?* The procedure was identical to the baseline assessment, with the sequence of

level, uphill and downhill conditions randomized.
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4.2.4 Foot-strike pattern sensing insoles

A Brannock device (Brannock, Liverpool, NY, USA) was used to measure the foot
size of each participant. The sizing was used for the customization of a pair of 3D-printed
sensing insoles made from thermoplastic elastomer. The sensing insoles have been
validated, demonstrating up to 84% accuracy on foot-strike pattern identification.”® Each
foot-strike detecting insole was installed with two force sensors (FSR 402 Short, Interlink
Electronics, Camarillo CA, USA) located at the heel and the second metatarsal. The
sensors were connected to a mini-circuit board which communicates with a smartphone
app wirelessly through Bluetooth. Foot-strike patterns were categorized based on the onset
time difference normalized by foot length as follows: FFS: onset time difference > 28.2
ms or no heel sensor onset is detected; MFS: onset time difference between 28.2 ms and -
46.9 ms; RFS: onset time difference < -46.9 ms; where a positive onset time difference
indicated an earlier triggering of the sensor at the second metatarsal than the sensor at the

heel.”0

4.2.5 Gait retraining

Gait retraining sessions were conducted at the Kowloon Bay Sports Ground. The
innermost three lanes of the international standard 400-m running track were used for
training. At the first session, participants were informed of the three foot-strike patterns
(i.e., RFS, MFS and FFS) and were given a pair of sensing insoles and a smartphone with
a pre-installed app that generates audio feedback based on the type of foot-strike (Figure
4.1). Researchers demonstrated the associated audio feedback —a ‘beep’ in a high, middle
and low pitch when RFS, MFS and FFS were being detected respectively.

Participants wore the same pair of insoles during all eight sessions of their training,

with only the right side turned on for real-time feedback. The participants were instructed
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to modify their foot-strike pattern and avoid a RFS pattern. Audio cues were provided
through headphones at every right foot-strike. Laps were timed by researchers and the
participants were told to speed up or slow down when their running speed exceeded +5%
of their determined speed.

The training program involved eight sessions over two weeks, each last between
15 and 30 minutes. Audio feedback was provided continuously for the first four sessions.
In the last four sessions, the feedback will be progressively removed for two to 28 minutes
to enhance motor learning and retention. This protocol was adopted from previous gait
retraining studies.'#313% None of the participants received any other types of feedback on

foot-strike patterns outside of the training.
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Figure 4.1. Feedback program shown on smartphone and a right foot-strike pattern detection

insole.

57



4.2.6 Data processing and analysis

Custom-written MATLAB scripts were used to analyze both kinematic and kinetic
data. Marker trajectories were filtered by a fourth-order Butterworth recursive low-pass
filter, with the cut-off frequency set at 8 Hz.1?? Time of foot-strike was defined as the time
the GRF exceeded 10 N.*® For each right foot-strike, the sagittal angle formed by an
imaginary line joining the heel and the second metatarsal head markers and the running
surface was computed. FSA was calculated by subtracting the sagittal angle during
standing at each condition (level, uphill and downhill). Cadence was calculated as the
number of foot-strikes detected during the one-minute trial. Vertical GRF data were
filtered by a fourth-order Butterworth recursive low-pass filter, with the cut-off frequency
set at 50 Hz.*?? Loading rates, including VALR and VILR, were obtained by the method
described in a previous study.?* The average and maximum slope from 20 to 80% of the
vertical GRF magnitude at the impact peak are presented as VALR and VILR respectively.
In the absence of a detectable impact peak, the value at 13% of the stance period was
considered as the vertical GRF magnitude of the impact peak.*?* Both VALR and VILR
were normalized with body mass and all variables, except cadence, were averaged across
all foot-strikes for each condition.

A successful transition to MFS was defined as an average FSA within the
boundaries of MFS in each running condition. The percentage of successful MFS
transition was compared descriptively. Statistical analyses were performed using SPSS
software (Version 22, SPSS Inc, Chicago, IL, USA). The global level of significance for
all statistical calculations was set at 0.05. To investigate the effect of the in-field gait
retraining, 2 x 3 repeated measures ANOVAs were conducted to analyze the interaction
between gait retraining (Baseline vs. Post-training) and slope conditions (level, uphill and

downhill). Post-hoc analyses were conducted when applicable. For each running condition,
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Cohen’s d was calculated for each variable to evaluate the effect size between time-points.
The coefficients were interpreted as trivial, small, medium and large effects for d < 0.2,

0.2<d<0.5,0.5<d<0.8andd > 0.8 respectively.’31%

4.3  Results

Sixteen habitual RFS runners (13 males, 3 females; mass = 63.9 + 9.2 kg; height = 1.7 £+
0.1 m; weekly mileage = 42.3 + 14.2 km; running experience = 5.5 + 3.9 years) completed the
study. All participants completed the in-field gait retraining with no adverse effect reported.
The assessment speeds are presented in Table 4.1.

Twelve out of 16 habitual RFS participants were able to reduce their FSA to below 8° on a
level surface after training, indicating a transition from RFS to non-RFS for 75% of the
participants. Nine (56.2%) and three (18.8%) of the participants were running with a MFS and
FFS after training, respectively. The effect of training on FSA interacted with the slope
conditions (np? = 0.192, p = 0.041) (Table 4.2). Each slope condition was analyzed separately
to examine the effect of training. Participants showed an average of 10.5° of reduction in FSA
during level running. Pairwise comparison showed a large reduction in FSA (p < 0.001,
Cohen’s d = 2.06).

At baseline, ten participants were running with a MFS during uphill running (Figure 4.2).
After the training, 12 and three runners were running with a MFS and a FFS respectively. The
percentage of successful MFS transition was not calculated for uphill running since participants
demonstrated foot-strike pattern transition at baseline. Still, participants demonstrated an

average of 5.1° of reduction in FSA (p < 0.001, Cohen’s d = 1.51).
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Level Uphill Downhill

Speed (m/s) 2.8+0.4 2.2+0.4 25+05
FSA (°) 14.4+32 75+31 7.7+10.3
Foot-strike pattern (%o)
RFS 97.13 37.28 52.04
MFS 2.87 62.63 25.31
FFS 0 0.08 22.65

Cadence (steps/min) 172.11 + 11.07 172.11 +10.25 165.84 + 11.70
VALR (BWI/s) 102.27 + 28.24 58.65 + 16.24 90.84 + 34.64

VILR (BWIs) 115.33 + 28.08 67.32 +16.80 104.30 + 36.35

FSA, foot-strike angle; RFS, rearfoot strike; MFS, midfoot strike; FFS, forefoot strike;
VALR, vertical average loading rate; VILR, vertical instantaneous loading rate; BW,
body weight.

Table 4.1. Mean =+ standard deviation of variables of interest at baseline assessment for

each slope condition.
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F P-value

FSA (9 3.56 0.041*
Cadence (steps/min) 0.20 0.820
Training * Slope

VALR(BWYIs) 1.87 0.172

VILR (BWI/s) 1.89 0.192
FSA () 30.70 <0.001*

Cadence (steps/min) 8.11 0.012*

Training

VALR(BWIs) 9.91 0.007*

VILR (BWI/s) 10.58 0.005*

FSA () 7.89 0.002*
Cadence (steps/min) 17.48 <0.001*

Slope

VALR(BWY/s) 17.98 <0.001*
VILR (BWI/s) 18.98 <0.001*

FSA, foot-strike angle; VALR, vertical average loading rate; VILR, vertical instantaneous
loading rate; BW, body weight.
* significant interaction or main effect (P < 0.05)

Table 4.2. Analysis of variance results for the effect of training and on variables of

interest.

61



25

20 .
e L\
o = RFS
15 \ .
| :
10 \ RN ’
_ \ .
S_ \ ’ : :
< 5 F \ \ s v .
v A\ \ e "
N \ \ . MFS
\\ \ ]
0 \ . ‘ .
-5
FFS
-10
Level Uphill Downhill
-15
2 2 2
P &,é P &;é X &,\S
Q% S S

Figure 4.2. Foot-strike angle (FSA) during baseline and post-training assessments on level,
uphill and downhill conditions.
Each colour represents one participant. The shaded areas indicate the region for rearfoot
strike (RFS), midfoot strike (MFS) and forefoot strike (FFS) as labeled.
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Similar to uphill running, participants demonstrated changes in the foot-strike pattern at
baseline. Four and 4 participants were running with a MFS and FFS during downhill running
(Figure 4.2). After the training, 14 runners were running with a non-RFS, with seven runners
running with a MFS. On average, the FSA for downhill running was reduced by 7.7°, with the
pairwise comparison showing a large and significant reduction (p = 0.006, Cohen’s d = 0.88).

Results of the repeated measures ANOVAs indicated that there was no interaction
between training and slope conditions on cadence, VALR and VILR (Table 4.2), but there were
significant main effects for both training (ps < 0.012) and slope (ps < 0.002).

Cadence was increased during uphill (p =0.010, Baseline: 172.11 +10.25, Post-training:
177.11 £ 9.25 steps per minute) and downhill running (p = 0.030, Baseline: 165.84 + 11.70,
Post-training: 169.49 + 10.03 steps per minute), but remained unchanged at level running (p =
0.106, Baseline: 172.11 £ 11.07, Post-training: 176.41 + 9.93 steps per minute). Uphill running
showed a medium change (Cohen’s d = 0.51), while downhill running showed a small change
(Cohen’s d = 0.34). VALR was reduced in both level (p = 0.003, Cohen’s d = 1.02, Baseline:
102.27 + 28.24, Post-training: 73.47 + 28.43 BW/s) and uphill running (p = 0.008, Cohen’s d
= 0.80, Baseline: 58.65 + 16.24, Post-training: 45.35 + 16.95 BW/s). Similarly, VILR was
reduced in both level (p = 0.002, Cohen’s d = 1.09, Baseline: 115.33 + 28.08, Post-training:
82.23 + 32.46 BW/s) and uphill running (p = 0.004, Cohen’s d = 0.93, Baseline: 67.32 + 16.80,
Post-training: 50.64 + 19.13 BW/s). The extent of loading rate reduction was smaller in uphill
than in level running. However, VALR (p = 0.071, Baseline: 90.84 + 34.64, Post-training:
70.71 + 32.31 BWY/s) and VILR (p = 0.097, Baseline: 104.39 + 36.35, Post-training: 84.11 £

39.14) appeared to be unchanged at downbhill running.
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4.4  Discussion

The aim of this study was to examine the carry-over effect of track-based gait retraining to
sloped running conditions. All participants completed eight sessions of training on a level
surface, with real-time audio feedback provided through a foot-strike detection system.
Biomechanical parameters, including foot-strike pattern, cadence, VALR and VILR were
assessed before and after the training on level, uphill and downhill running conditions. When
assessed on a level running surface, runners exhibited reduced FSA and reduced loading rates.
Similar changes have also observed when runners were running uphill, however, a smaller
reduction in FSA and no changes in loading rates were observed in downhill running. The
findings of this study suggested carry-over to uphill running, but an incomplete transfer of
training effect to downhill running.

When running on a level surface, this study achieved a higher success rate (75%) in
transitioning runners from RFS to non-RFS, compared to 40 — 50% reported in our published
study®! and Study 1 (Chapter 3) where runners were trained on a treadmill. In this study, we
instructed runners to avoid RFS. Runners could have attempted both MFS and FFS during the
training and settled on a foot-strike pattern that felt natural to them. Among those that
successfully transitioned, nine of them adopted MFS and three adopted FFS. The successful
transition was further evidenced by a reduction in FSA, with the average post-training FSA of
3.9+6.5°

Compared to level running, we observed a change in foot-strike pattern when runners were
running uphill at baseline. Gottschall and Kram observed a transition from RFS to MFS in
three out of ten runners when running at an incline (+10.5%) comparable to that used in this
study.%” Similarly, Lussiana et al. reported reduced FSA, indicating a MFS/FFS transition, at
+8%.1%8 This habitual foot-strike pattern transition has also been observed at more extreme

incline conditions (+14 — 48%).%1%7 In the current study, ten runners adopted a MFS when
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running uphill at baseline. After the training, all but one runner was exhibiting a non-RFS
during uphill running. The large and significant reduction in FSA further demonstrated
successful carry-over of training effect from level training to uphill running. As for downhill
running, the habitual foot-strike pattern transition was inconsistent. At baseline, half of the
runners transitioned into MFS/FFS, while the other half maintained RFS (Figure 4.2). Most
biomechanical studies have reported unaltered foot-strike pattern when running downhill 8107
The habitual transition observed in our study might be explained by the difference in the
experience level of our participants. It has previously been reported that more experienced trail
runners adopt MFS while mid-level runners adopt a RFS.1% While a reduction in FSA was
observed in downhill running after the training, the effect size was smaller than that in level
and uphill running.

Regarding cadence, no change in cadence was observed in level running. Previous gait
retraining that modified RFS to FFS on a treadmill reported a 6.1% increase in cadence.®® The
results of our study suggested that training overground may change the foot-strike pattern of
runners without imposing changes in cadence. While significant changes were observed in both
uphill (+3%) and downhill (+2%) running, such changes were unlikely to be interpreted as
clinically important.*>® Gait retraining studies that target reduction in impact loading set the
training target to be 7.5 to 10% above baseline,842150.151 higher than the changes reported in
our study.

We hypothesized a reduction in VALR and VILR following a transition from RFS to
MFS/FFS based on previous studies.’”*** Similar to Study 1, this study aimed to induce
changes within the trained condition (i.e., level running) and examine the changes within
untrained conditions (i.e., uphill and downhill conditions). Study 1 successfully reduced VILR
among runners with high VILR (112.1 + 31.1 BW/s) while our published study reported no

changes among runners with a lower baseline VILR (89.5 + 24.5 BW/s). In the current study,
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we screened and included runners with high VILR (> 70 BW/s) to avoid a potential floor effect.
When accessing the effect of training on loading rates, significant and large reductions were
observed in both level and uphill running, but not during downhill running. To exclude the
effect of habitual foot-strike pattern change on the training effect, we have isolated the eight
runners who maintained a RFS at baseline downhill running and conducted paired t-tests to
examine the training effect. While we found a significant reduction in FSA (p < 0.001) among
this sub-group, no significant changes were found in VALR and VILR (ps = 0.052 to 0.067).
Downhill running has been associated with other kinematic differences,® including more knee
extension at initial contact and greater hip range of motion, which could also affect shock
attenuation and loading rates. The transition of foot-strike pattern alone might not be sufficient
to induce a reduction in VALR and VILR during downhill running.

Modifying foot-strike patterns has its own limitations. Based on our results, uphill
running showed similar changes in foot-strike pattern and loading rates to level running after
the track-based gait retraining, but changes in kinetics were not transferred to downbhill running.
Natural adaptation of foot-strike patterns along slopes could interact with the training effect,
resulting in ineffective transfer. Based on the assumption that motor learning is most effective
when conducted within a natural environment,®3 gait retraining along slopes might provide
better results for runners who encounter slopes during their own training. However, training
that targets foot-strike pattern transition may not be suitable. We found that half of the runners
naturally changed their foot-strike to non-RFS during downhill running. These runners would
not be cued to change their foot-strike pattern if the training protocol of the current study was
repeated along downhill slopes. An alternative would be to reduce PTA, a surrogate of loading
rates.° Using feedback on PTA as training targets has demonstrated successful transfer from
treadmill-based training to overground running.*® Zhang et al. also observed a similar transfer

effect from level to sloped running after a treadmill-based training.** Further investigations are
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required to examine the effect of reducing PTA through real-time feedback gait retraining
along sloped conditions.

There are a few limitations to the current study. The assessments before and after the
training were conducted on a treadmill. Participants were trained overground, there is a
possibility that the effects of training are larger within the trained condition. It is unknown if
the training effect was transferred to overground sloped running. Future studies should consider
an overground or in-field evaluation to fully comprehend the carry-over effect. Secondly, the
screening criteria could have introduced bias. Habitual RFS runners with high loading rates
might be more motivated to adjust their foot-strike pattern. This could have increased the effect
of training, without a control group, a causation relationship between the training and the
biomechanical changes cannot be established. Nonetheless, the findings of our study still
support the training in modifying foot-strike pattern in RFS runners with high loading rates,
whose risk of developing RRIs are relatively high.?? Lastly, similar to Study 1, the long-term
clinical effect of foot-strike pattern modification was not examined. Large-scale longitudinal
research with a control group is required to further examine the effect of foot-strike

modification on runners.

4,5  Conclusion and implications for future studies

In conclusion, upon completion of an overground running retraining along a level surface
which promotes non-RFS landing, participants were running with a smaller FSA and reduced
VALR and VILR. The changes in foot-strike patterns were also observed in uphill and downhill
running. However, the reductions in VALR and VILR were observed only in uphill running,
but not downhill running. The incomplete carry-over suggested that gait retraining conducted

along slopes might be necessary to reduce loading rates while running downhill. Considering
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the natural changes to foot-strike pattern, and its interaction with the training effect, using PTA

as feedback might be more suitable for training along slopes.
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CHAPTER 5
SPEED AND CADENCE ADAPTATIONS DURING OVERGROUND

SLOPED RUNNING UNDER REAL-WORLD CONDITIONS

51 Introduction

Runners demonstrate biomechanical adaptations when running on slopes. These
adaptations include changes in foot-strike pattern, impact forces and cadence,'® which are
commonly measured in gait analyses.4314244 Compared to level running, uphill running has
been associated with a higher cadence and a less dorsiflexed ankle at foot-strike,%%152 while
downhill running has been associated with lower cadence and greater tibial
acceleration,105108,153,154

Runners’ natural adaptation to slopes should be considered when evaluating the
effectiveness of interventions, such as gait retraining, on sloped running conditions.8%15
However, it could be a challenge to measure natural adaptations in the lab. Surface gradient,
cadence and running speed are interdependent. To isolate the effect of slope on cadence, most
published studies reported changes in running biomechanics in lab-simulated inclined
surfaces,'971131% in which the running speed was set and controlled by the researchers. Such
experimental design has limited the runners’ ability to regulate their running speed. In fact, a
case study of a world-class athlete who ran a 45-km trail with 1,627 m of positive elevation,
showed a much slower speed (6.8 — 8.2 km/h) during the uphill sections (gradient: +14.6 — 14.9
%) when compared to level sections (speed: 11.1 — 14.2 km/h; gradient: +1.4 — 1.6%).11°
Similarly, Townshend et al. found that runners increased their speed during downhill sections
of the 9.5-km trail and reduced their speed during uphill sections.''* Interestingly, the
hypothesized changes in cadence, which were present in speed-controlled treadmill-based

studies, were not observed. It is important to note that in both in-field studies,'%4 only
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competitive runners were included, and the runners were asked to complete a time trial. The
pacing strategy could be a result of experience in trail races and runners trying to match their
oxygen consumption with their ventilatory threshold while running uphill and improving time
on downhill sections.'4

With the rapid growth in wearable technology, researchers are now presented with the
opportunity to obtain quantifiable data from runners in a real-world setting.5%.157.158
Commercially available accelerometer-equipped GPS running watches can provide a series of
metrics, including cadence, speed, distance and elevation. This study aimed to examine the
relationship between surface gradient, cadence and running speed for recreational runners in
real-world settings. More specially, comparisons were made between uphill, level and downbhill
sections of recorded runs. It was hypothesized that runners’ would demonstrate grade-specific
adaptations, and the running speed and cadence would be different between uphill, level and

downhill running.

5.2 Methods

5.2.1 Pre-screening data from the database

Data were extracted from the We-TRAC Wearable Technology Citizen Science
Program database. This database stored activity records within a Level-4 secure server
housed at the University of Calgary. Activity records were collected from individuals
through a web portal (https://wetrac.ucalgary.ca) where they can upload data from their
GPS-enabled smartwatches. The collection of data through this database was approved
under the study title “The Wearable Technology Citizen Science Program” by the Conjoint
Health Research Ethics Board at the University of Calgary (REB20-0572_RENZ2).
Retrospective activity records, for up to 24 months prior to sign up, and prospective weekly

data, that had been collected since sign up, were stored within the database.

70


https://wetrac.ucalgary.ca/

Activity records within the whole database were pre-screened. A small subset
containing 573 records was extracted from the database and used to set the screening
criteria for extracting the relevant activity files for this study. Activity records meeting all
the criteria below were extracted for further processing:

The activity was recorded by a Garmin device.

The activity was classified as “running”, “track running”, “street running” or “trail
running”.

e The total distance of the run was longer than or equal to 5 km.

e The total elevation gain or loss was over 100 m.

e The average speed was greater than 1.2 m/s.

5.2.2 Data processing and analysis
The activity records were further screened to ensure a significant uphill or downhill
segment and a level segment for comparison. Recorded time, elevation, horizontal distance,
and cadence in 1 Hz were extracted from each activity record. Elevation and distance data
were smoothed with a 10 s moving average.'®® Each run was segmented into 100-m non-
overlapping sections. The average gradient (%) of each 100-m section was computed as
overall elevation gain (or loss) over the horizontal distance traveled. Speed was calculated
using the elevation change and horizontal distance traveled over time for each section.
Each section was then classified into 3 conditions based on the average gradient: (i) uphill
(+3 to 15%), (ii) level (-2 to +2%) and (iii) downhill (-15 to -3%).%%° Unclassified portions
(i.e., inclination does not match uphill, level or downhill conditions) and portions with
running speed less than 1.8 m/s were removed.*° Data from the first 500 m of each training
record were considered the warm-up period and were removed from the analysis.'®* To

minimize the potential effects of fatigue, only data within the first 10 km of each run were
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considered.*>® Consecutive 100-m sections with the same condition were combined into
segments and only segments of at least 600 m in length were kept for further analysis.
Activity records that contain level and uphill/downhill segments suitable for analysis were

kept for further analysis. An example of segmentation of a recorded run is presented in

Appendix 1.

5.2.3 Statistical analysis

All dependent variables were tested against a normal distribution using separate
Shapiro-Wilk tests. The average speed and cadence were calculated from the second to
sixth 100-m sections of each condition to ensure a steady-state gait.

Paired t-tests were used to compare speed and cadence between the uphill/downhill
segments and the level segment within the same training record. To ensure an equal
contribution of each runner, the run closest to 10 km was selected if multiple runs from
the same runner meet the criteria. Statistical analyses were performed using SPSS software
(Version 26, SPSS Inc, Chicago, IL, USA). The global level of significance for all
statistical calculations was set at 0.05. Cohen’s d was calculated for each variable to
evaluate the effect size between time-points. The coefficients were interpreted as trivial,
small, medium and large effects for d < 0.2, 02 <d<0.5,05<d<08andd>0.8
respectively.”3125

A previous study suggested that up to five runs were needed to define a stable
running pattern across inclination conditions. A data subset was created with runners who
have at least five runs for each condition. The speed and cadence for each condition were
averaged across the five runs closest to 10 km. Repeated measures ANOVAs were used to

determine significant differences among slope conditions (i.e., level, uphill and downhill)
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for speed and cadence. Post-hoc analyses with a Bonferroni adjustment were conducted
when applicable.

To determine the intra-subject relationship between gradient and the change in
speed or cadence, Pearson correlations coefficients (r) were calculated for runners with

more than 20 available records. The coefficients were interpreted as indicated in Table 5.1.
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Strength Positive Negative

Negligible 0t00.09 -0.09to 0
Weak 0.1t00.39 -0.39t0-0.1
Moderate 0.4 t0 0.69 -0.69to0 -0.4
Strong 0.7 10 0.89 -0.89t0 -0.7

Very strong 09to1 -1t0-0.9

Table 5.1. Interpretation of correlation coefficient.62
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5.3  Results

Data were accessed on July 19, 2022. A total of 12,317 running records between July 16,
2018 and July 13, 2022 met the screening criteria. After further screening, data from 148
runners (3,001 activity records) were retained for further analysis. Inquiry emails were sent to
the runners to obtain their year of birth and gender. We received email replies from 85 (57.4%)
of the runners at the time of writing. The average age for runners that replied to our inquiry
email was 43.4 £ 13.3 years, with 60% (n = 51) being males. All variables were tested and
found to be normally distributed.

Paired t-tests were conducted to compare speed and cadence between the uphill/downhill
segments and the level segment of the same training record. The number of records, length of
run and average gradient were presented in Table 5.2. Compared to the level segment of the
same activity record, significantly lower cadence (p < 0.001) and reduced speed (p < 0.001)
were found in the uphill segment. Runners were also found to be running significantly faster
in the downhill running segment compared to the level segment (p = 0.013), but no significant
difference was found in cadence (p = 0.694).

A total of 65 runners have at least five runs in each sloped condition. Based on the result
of the repeated measures ANOVA, running speed differed among slope conditions (F = 197.06,
p < 0.001). Running speed was significantly higher in level and downhill running (ps < 0.001)
compared with uphill running (Figure 5.1). Running speed was also higher in downhill than in
level running (p = 0.029). Similarly, cadence differed among slope conditions (F = 8.33, p <
0.001). Cadence was similar between level and downhill running (p = 0.341) and between

uphill and downhill running (p = 0.082), but significantly higher in level (p <0.001) compared

with uphill running (Figure 5.1).
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Characteristic of runs

Pairwise comparison

i 0,
Length of Average gradient (%) Speed (m/s)
un (km) Unhill P-value Cohen’s d
Levelvs. n Level P . Level Uphill Downhill
Downhill
Uphill 134 1.10+£0.35 -0.11+057 +6.24+1.74 296+0.45 2.38 £ 0.61 <0.001* 1.13
Downhill 141 1.15+0.47 -0.06+0.56 -6.35+1.66 3.02+0.50 3.13+0.74 0.013* 0.213
Cadence (steps/minute)
Levelvs. n Level Uph'"./ Level Uphill Downhill
Downhill
Uphill 127 1.08+0.24 -0.12+058 +6.24+1.70 169.11+8.76 166.98 +9.77 <0.001* 0.30
Downhill 138 1.15+0.54 -0.05+056 -6.38+1.69 169.43+9.00 169.25 + 10.16 0.694 0.04

n, number of training records used for the pairwise comparison.
* significant difference (P < 0.05) in level vs. uphill or downhill

Table 5.2. Mean + standard deviation of variables of interest, length of run and average gradient used for pairwise comparisons.
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Figure 5.1. Box plots of running speed (left) and cadence (right) across level, uphill and
downhill running.

* denotes p < 0.05 at post-hoc Bonferroni pairwise comparison
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To establish the relationship between gradient and change in speed and cadence (A =
Uphill/Downhill — Level), Pearson’s r was calculated for each runner. Due to data availability,
different numbers of runners were tested for the intra-subject association for each variable (A
speed and A cadence) and condition (uphill and downhill). Table 5.3 shows the number of
runners with at least 20 records available for analysis.

Significant associations were found in a small group of runners, as presented in Table 5.3.
We found most associations in uphill running, with 13 out of 28 runners showing a reduced
speed as the gradient increased and 7 out of 26 runners showing a negative relationship between
gradient and cadence. Pearson’s r presented in Table 5.3 are the minimum and maximum
values between all runners that showed a significant association for that condition. A line of
best fit was also presented in Figure 5.2 for the runners with significant associations.

While significant associations were also found in downhill running, the number of runners
with significant association was even smaller. Moreover, large between-subject variances were
observed. Regarding the change in speed, there were two runners showing significant
relationships. While both relationships are considered weak, they were in different directions,
indicating that speed increased as the slope got steeper for one runner (r = -0.37) but speed
decreased (r = 0.39) for the other. This between-subject variance was also observed in the

change in cadence where r ranged from -0.59 to 0.64.
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Number of runners with sufficient Number of runners with significant Pearson’s r

records correlation (p < 0.05) [Min, Max]

Uphill, A speed 28 13 -0.63,-0.19
Downbhill, A speed 34 2 -0.37,0.39
Uphill, A cadence 26 7 -0.59, -0.26
Downhill, A cadence 32 5 -0.59, 0.64

A, difference from level.

Table 5.3. Number of runners with sufficient data for intra-subject correlation analysis and with significant association, and their correlation

coefficient.
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A speed (m/s)

A cadence (steps/minute)

Gradient (%)

Sub 12 e— SUD 23  — D 72  —SUD 108 se—Sub 154
Sub 15 Sub 32 =———— Syb 83 e— S 122 se—— Sub 163
Sub 16 =———— Syh 37 e— Syb 86 =—— Sl 134 se— Sub 170
Subil9 e—— Sub 39 Sub 88 = Sub 135

Figure 5.2. Correlation between gradient and change in speed (top) and cadence (bottom).
The lines of best fit and data points are color coded for each runner with a significant
association. Grey circles represent data points of runners with no significant association
between the pair of variables tested. Negative difference (A) indicates value is larger during

level running.
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5.4  Discussion

The aim of this study was to examine the relationship between surface gradient, running
speed and cadence for runners in real-world settings. The results of the current study supported
grade-specific adaptations among runners. When compared to running on a level surface,
reductions in speed and cadence were observed along uphill conditions, and an increase in
speed along downbhill conditions. Associations between the gradient and change in speed and
cadence were observed in a small number of runners, with the relationship more consistent in
uphill running than in downhill running.

Grade-specific adaptations have been reported in previous studies conducted within the
lab.1% Generally, uphill running has been associated with a higher cadence than level running.
Telhan et al. found 1.2% higher cadence at +7% grade,*'? similar to Padulo et al. who also
found 4.1 — 15.6% increase in cadence among elite runners at +2% and +7% grade.'*®
Contradictory to the aforementioned studies, we found that runners were running with a lower
cadence during uphill running compared to a level surface, with the average gradient (+6.2%)
of the runs comparable to that of Telhan et al.’s study. This discrepancy is likely due to the
change in speed found in uphill running. In the studies where an increase in cadence was
observed, speed was predetermined and strictly controlled through the treadmill. In the current
study, we obtained records of runners running overground outside of the lab, speed was
determined by the runner. We found runners running 18.9% slower when averaging five runs
and 19.6% when comparing the difference within the same run. In fact, this reduction in speed
coupled with a reduction in cadence has previously been reported in an in-field study where
participants completed a 40-km trail race.'®3 Within the first 10 km, runners ran with a slower
speed and lower cadence along the uphill section, compared to the level section.

Regarding downbhill running, a few studies found comparable cadence at grades

between -15.8 and -5.2% when compared to level running when speed was controlled.107.112.153
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Lussiana et al. found lower cadence when runners were running downhill (-5 and -8%) in
minimal and traditional footwear.'% In an overground study where speed was not restricted,
Townshend et al. found no changes in cadence but an increase in running speed.'4 This current
study found a similar trend, no significant difference was observed in cadence and speed was
increased when running downhill. We found an average of 2.7% increase in running speed
when averaged across five runs and 3.6% when comparing against the level segment of the
same run, smaller than that reported. A likely explanation would be the difference in pacing
strategy and the goal of the run. Participants completing a time trial in Townshend et al.’s study
might see downhill running as a potential to improve time, increasing their speed to a greater
extent than during a regular training session.'4

We also aim to determine the relationship between surface gradient and the change in
speed and cadence. A few published studies have tested the change in cadence across a number
of slope (incline and decline) conditions. For example, Lussiana et al. found that cadence was
reduced at -5% grade, but a further reduction was observed when the slope was steeper (-8%).
For uphill, Padulo et al. reported a greater reduction in cadence at +7% than +2% when
compared to level running at adjusted speed (i.e., 4.4, 4.0 and 3.2 m/s at 0, +2 and +7%).%%®
Giandolini et al.’s case study has similar observations, cadence decrease from 180.6 to 174.6.
and 163.8 steps per minute at the sections of the trail with +1.2%, + 6.8 and +14.6%.%° Based
on the findings, we hypothesized that the change in speed and cadence is related to the
magnitude of the incline or decline. A series of intra-subject correlations suggested that the
relationship exists within a small group of runners. Along inclined surfaces, weak to moderate
negative (i.e., decrease in cadence/speed as grade increases) relationships were found among
13 out of 28 runners for cadence and seven out of 26 runners for speed. Interestingly, the
relationships between grade and change in cadence and speed were inconsistent along a

declined surface. Fewer runners showed a significant relationship, only two out of 34 showed
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a relationship for speed and five out of 32 showed for cadence. The relationship between grade
and change in speed was different among the two runners, one showed an increase in speed as
the downbhill slope gets steeper while the other showed an opposite trend. The relationship
between grade and change in cadence during downhill also showed between-subject variance,
with moderate relationships in both negative and positive directions. Running uphill imposed
a greater metabolic demand, evidenced by higher muscle activation'®* and an increase in
anaerobic energy production.1%51%5 Runners could be adapting their speed and cadence to keep
up with the increase in metabolic demand. Alternatively, running downhill does not impose
such a metabolic demand and runners can adapt more freely based on their training goals.
Future studies should consider analyzing parameters indicative of physiological demand, such
as heart rate, to further understand the intra- and between-subject variance.

To our knowledge, this is the first study that used real-world training data from runners to
examine the changes in speed and cadence along slopes. There were dissimilarities between
our findings and lab-based studies. Grade-specific adaptation demonstrated in speed-controlled
conditions should not be generalized to real-world running. In some in-field or overground
studies along slopes,5°!17 speed was a control variable. A constant speed allows researchers to
measure the dependent variable, however, it may not fully reflect the running biomechanics
when runners are allowed to adjust their speed. This study has demonstrated the potential of
utilizing real-world running data to understand runners within their natural environment.
However, it is not without limitations. First, data were extracted from a large database; we have
limited information about the runner and each running session. Runners’ experience which
could affect grade-specific adaptations'*® and stride length were not available to us. Also,
external factors including the nature of the run (e.g., competition or training), surface type (e.g.,
grass, concrete or dirt) and weather could also affect speed and cadence. To minimize potential

bias, intra-subject comparisons, an average of five runs and within-session comparisons were
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adopted in the current study. Second, GPS signal was missing in some running records,
affecting the calculation of speed and elevation. We have thoroughly inspected the data records
and removed files/segments with unreliable GPS signals, however, this process was time-
consuming and subject to bias, a more systematic approach should be developed. Lastly, only
segments of at least 600 m in length were analyzed This criteria was set to ensure a stable gait
pattern and comparable results with a previous in-field running study.!'* The average slope
within a 600-m segment was used to categorize slope conditions, and the range is relatively
wide (3 — 15%). Changes within the 600-m segment and the differences between subtle and

steep slopes might have been neglected in the current study.

5.5  Conclusion and implication for future studies

In conclusion, runners demonstrate grade-specific adaptations within their natural training
environment. These adaptations include a reduction in speed and cadence when running uphill,
and an increase in speed when running downhill. Associations between the gradient and change
in speed and cadence were observed in a small number of runners, with the relationship more
consistent within uphill running than in downhill running.

Our findings imply that runners naturally change their running biomechanics during sloped
running. Future in-field gait retraining studies that aim to increase cadence should consider
these adaptations, especially for training along slopes. Even though the change in cadence
found in the current study was relatively small (1.2 to 1.3%), compared to a target of +7.5%
set in published gait retraining studies,®42 such changes should not be neglected. There are
other biomechanical adaptations, such as changes to foot-strike pattern and speed, which could
also interact with the target training parameter. Since we proposed the use of PTA as a training

target, which has been shown to be affected by both running speed and cadence,*® a specific
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training threshold set for different slope conditions might therefore be required to ensure that

the training target is relevant and attainable across various slope conditions.
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CHAPTER 6
BETWEEN-SESSION RELIABILITY AND MINIMAL DETECTABLE
DIFFERENCE FOR PEAK TIBIAL ACCELERATION DURING

OVERGROUND RUNNING

6.1  Introduction

Impact mechanics during running have been studied for over three decades.®® It has
received significant attention due to its potential association with overuse running
injuries.*2%166 Traditionally, impact mechanics are measured with in-ground force plates or
instrumented treadmills.®® Gait analyses were therefore confined to short runways or treadmills
within labs. Physical constraints, such as the limited physical dimensions of the runway and
the tightly regulated speed on a treadmill could affect the natural running gait.1°316” Nowadays,
impact mechanics can be measured outside of the lab, using lightweight accelerometers.

The measurement of axial and resultant PTA has become increasingly popular in out-of-
lab research. For example, axial PTA has been measured to monitor fatigue in runners over
extended runs (e.g. 110-km mountain ultramarathon).6® Also, axial and resultant PTA have
been measured to compare shock attenuation across various running surfaces.!01%
Technology has paved the way for researchers to capture more natural running gait using
wireless accelerometers.

Despite the widespread use, the reliability of measuring axial and resultant PTA using skin-
mounted accelerometers has only been reported for limited conditions.*”5%® A previous study
reported excellent within-session reliability but poor-to-moderate between-day reliability for
axial PTA.%0 However, the study only analyzed four strides taken from separate short running
bouts within the lab. Another study reported good reliability and moderate-to-good reliability

for resultant PTA at 1 week and 6 months respectively.%’ In that study, runners ran on a
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treadmill at four pre-determined speeds. Biomechanical differences have been reported
between treadmill and overground running,”® and runners demonstrated more random patterns
overground than on treadmills.1® The reliability reported in previous studies may not be fully
applicable to out-of-lab running assessments, where PTA is measured overground for
consecutive strides over longer runs.

Oval running tracks are a common testing environment for overground, out-of-lab
studies.”*" The choice of such a facility is possibly due to its resemblance to real-world
running environments, accessibility, and the ability for researchers to control the running speed
and other external factors. The length of the experiment (duration or distance) can also be easily
manipulated by changing the number of laps. Evaluating the between-day reliability and
statistically meaningful differences for continuous measurement of PTA along a running track
might therefore be appreciated, especially for studies which evaluate changes across long-term
interventions, such as gait retraining. Moreover, the analysis of additional running strides has
been suggested to improve reliability.>%"® The number of strides needed to obtain adequate
reliability is yet to be determined.

This study aimed to determine the one-week and three-week reliability and the minimal
detectable difference (MDD) of axial and resultant PTA during overground track running.
Moreover, this study also aimed to determine the minimum number of strides required to

achieve good and excellent between-session reliability for both axial and resultant PTA.

6.2  Methods
6.2.1 Participants
As part of a larger study, runners were recruited by convenience sampling around
the campus of the University of Calgary. Recreational runners who were actively involved

in running for more than 20 km per week were recruited. Runners with any active lower-
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extremity injuries within the previous 6 months or other musculoskeletal or neurological
conditions that might affect natural running gait were excluded. All eligible participants
were given a detailed explanation of the experiment prior to signing an informed consent
approved by the Conjoint Health Research Ethics Board of The University of Calgary

(REB16-1183).

6.2.2 Data collection

All participants completed three identical testing sessions (Baseline, Session 2 and
Session 3) at the upper level of the Fitness Centre at the University of Calgary. The 200-
m indoor running track was used in this study. Test sessions were scheduled one week and
two weeks apart. Participants wore their personal running shoes, with the same pair being
used for all three sessions.

During each session, an IMU containing a tri-axial accelerometer (Shimmer3®;
Shimmer Inc., Ireland) was securely attached to the anteromedial aspect of the right tibia,
with the y-axis aligned with the long axis of the tibia. The wide range accelerometer with
a +16-g operating range was set to sample tri-axial acceleration at 512 Hz. Participants
were given five minutes to warm up along the track. After the warm-up, participants were
asked to run 12 counter-clockwise laps at the inner-most lane (200 m) at a pace suitable

for a 45-to-60-minute run. Each lap was timed and recorded by a researcher.

6.2.3 Data processing and analysis
Custom-written MATLAB scripts were used to process data in this study. Residual
analysis was conducted to determine the cut-off frequency for filtering.1%°1’° The

acceleration data were filtered using a 2nd order Butterworth low-pass filter.#”*0 Resultant
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acceleration (AccR) was computed as the square root of the sum of the squared

acceleration of the x-, y- and z-axes (i.e., AccR = VAccX? + AccY? + AccZ?).

Data collected during the first and last minute were discarded to account for the
acceleration and deceleration phases. Time of initial contact was defined as the local
minimum which occurred within 0.075 s prior to a local maximum identified in the AccR
signal. Peak axial (i.e., positive y-axis) and peak resultant acceleration were extracted
within the first 40% of each stride as axial and resultant PTA.1% The peaks were averaged
across a selected number of strides for each test session for further analysis. The selected
stride intervals include five to 300 with a one-stride interval, and 310 to 400 with a 10-
stride interval.

One-way repeated measures ANOVAs were performed to compare the running
speed and the average peak and resultant PTA at five, 10, 40, 100, 200 and 400 stride
intervals across each test session. Test-retest reliability was evaluated by intraclass
correlation coefficients (ICC2k) calculated using a two-way mixed-effects model, mean of
k measurements with absolute agreement. The global significance for all statistical
calculations was set at 0.05. ICC values were interpreted as poor, moderate, good and

excellent for ICC < 0.5, 0.5 <ICC <0.75, 0.75 <ICC < 0.9 and ICC > 0.9 respectively.*

The MDD was calculated using the equation MDD = 1.96 x v/2 x (SD x /1 —1CC)

where SD is the mean within-subject SD measured at Baseline.*®

Results

Based on published reliability studies with a similar experimental design, it was determined

that a sample of ten runners was needed in the present study.*’*° Eleven recreational distance

runners (5 males, 6 females; mass = 68.3 + 11.4 kg; height = 1.7 £ 0.1 m; running experience

=5 — 15 years) completed this study. Session 2 was completed 11 + 4.8 days after Baseline,
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and Session 3 was completed 23 * 4.5 days after Baseline. The average speed were 3.09 £ 0.41
m/s, 3.06 £ 0.29 m/s and 3.09 £ 0.26 m/s for Baseline, Session 2 and Session 3 respectively,
no significant difference was found in running speed (F = 0.094, p = 0.910) across sessions.
Based on the results of the residual analysis, all data were low-pass filtered with a cut-off
frequency of 75 Hz. The acceleration data were thoroughly inspected and were cleared for
signal distortion caused by a £16-g operating range accelerometer.

The mean and SD of axial and resultant PTA averaged across the selected number of strides
are presented in Table 6.1. There was no significant difference found in axial (p = 0.522 —
0.693) or resultant PTA (p = 0.167 — 0.469) across the three sessions.

Overall, between-session reliability was moderate-to-good for axial PTA and moderate-to-

excellent for resultant PTA when taking the average from five to 400 strides (Table 6.2). Figure

6.1 shows the ICCz for five to 300 at each stride interval and 310 to 400 at 10 stride intervals.
To achieve good reliability (ICC > 0.7), a minimum of 17 and 28 steps were needed for axial
PTA, and to achieve excellent reliability (ICC > 0.9) for resultant PTA, a minimum of 56 and
75 steps were needed. Compared to averaging 10 strides, increasing the number of strides to

100 reduced the MDD by 0.48 g for axial PTA and 1.54 g for resultant PTA.
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One-way repeated measures ANOVA

Number of strides Baseline () Session 2 (Q) Session 3 (g) F P-value
Axial PTA
5 7.94+£1.85 748 £1.12 748 +£1.74 0.37 0.693
10 7.82+1.71 7.35+1.27 7.40 £ 1.56 0.50 0.612
40 7.95+211 7.30+£1.16 7.53+1.63 0.67 0.522
100 7.98 £ 2.06 7.26 £1.22 7.49 +1.66 0.57 0.577
200 8.06 +2.12 7.27+1.18 7.56 +1.69 0.63 0.544
400 8.17+2.18 7.33+£1.05 7.61+£1.70 0.54 0.589
Resultant PTA
5 11.34 +£3.13 11.12 £ 2.17 11.39+£3.34 0.95 0.403
10 11.25+£2.85 11.06 £ 2.46 11.26 £ 3.05 1.06 0.365
40 11.40 £2.93 1090+ 2.14 11.38 £2.95 1.96 0.167
100 11.46 £ 3.01 10.91 £ 2.33 11.19+£2.93 1.11 0.349
200 11.62 £ 3.25 11.00 £ 2.32 11.37 £3.02 1.38 0.275
400 11.86 £3.71 11.10£ 241 11.44 £ 3.04 0.79 0.469

ANOVA, analysis of variance; g, gravitational constant (g = 9.81 m/s?); PTA, peak tibial acceleration.

Table 6.1. Mean * standard deviation and comparison of axial and resultant PTA averaged across different number of strides between sessions.
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ICCax MDD (g)

Number of strides Baseline vs. Session 2 Baseline vs. Session 3 Baseline vs. Session 2 Baseline vs. Session 3
Axial PTA

5 0.73 0.67 3.01 3.70

10 0.68 0.70 3.32 3.30

40 0.75 0.82 3.09 2.77
100 0.77 0.83 2.96 2.70
200 0.77 0.84 2.98 2.73
400 0.77 0.82 2.93 2.91

Resultant PTA

5 0.84 0.77 3.66 5.07
10 0.81 0.78 3.96 4.54
40 0.90 0.87 2.77 3.45
100 0.93 0.91 2.45 2.98
200 0.94 0.91 2.25 3.09
400 0.95 0.91 2.38 3.26

g, gravitational constant (g = 9.81 m/s?); PTA, peak tibial acceleration; ICC, intraclass correlation coefficient; MDD, minimal detectable
difference.

Table 6.2. Between-session reliability and MDD of axial and resultant PTA averaged across different number of strides.
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Figure 6.1. Between-session reliability of a) axial peak tibial acceleration (PTA) and b) resultant PTA averaged across five to 400 strides.

ICC, intraclass correlation coefficient.
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6.4  Discussion

The aim of this study was to establish the between-session reliability and MDD of axial
and resultant PTA measured during overground running. Overall, axial PTA demonstrated
moderate-to-good reliability, and resultant PTA demonstrated moderate-to-excellent reliability.
This study also aimed to determine the number of strides required to achieve good or excellent
reliability. Based on our findings, for axial PTA, we recommend averaging a minimum of 40
strides per session for good reliability with MDD of 2.93 g. For resultant PTA, it is
recommended to average a minimum of 100 strides per session to achieve excellent reliability
with MDD of 2.72 g.

Previous studies have reported within-session reliability on axial and resultant PTA
measured overground.>®"® Aubol et al. reported excellent within-session reliability for both
axial (ICC =0.99) and resultant PTA (ICC = 0.95) when the average was taken across the first
five trials as compared to that taken across the last five trials within the same session.”® Van
den Berghe et al. also reported excellent within-session reliability (ICC > 0.92) for both axial
and resultant PTA across different speeds when comparing four strides taken within the same
testing session.®® As expected, the between-session reliability reported in our study was
relatively lower than the within-session reliability. When runners were tested on separate days,
there is a possibility of slight changes to the position of the accelerometer. While there are
anatomical landmarks (e.g., medial malleolus) to guide researchers, identical placement is not
guaranteed. A recent study found that a small proximal shift of 2 cm of the accelerometer
resulted in a lower PTA.”” Sensor placement difference between sessions could explain the
lower between-session reliability compared to within-session reliability. In fact, Van den
Berghe et al. repeated their test on a separate day and reported moderate reliability for axial
(ICC = 0.58) and resultant PTA (ICC = 0.81),°° comparable to our results at a similar speed

when averaged across five strides.
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With regards to comparing our results to between-session reliability measured for treadmill
running, our results showed lower reliability in general. For axial PTA, Burke et al. found good
between-session reliability (ICC = 0.80 — 0.82),%"* while we found ICC of 0.68 and 0.70 when
averaging the same number of strides (i.e., 10 strides). The MDD (2.8 g) found in the treadmill
study was also smaller compared to our study. Similarly, for resultant PTA, Sheerin et al. found
excellent reliability (ICC = 0.91 - 0.96) for resultant PTA at a speed similar to that used in the
current study.*” Considering the difference, researchers should avoid relying solely on the
reliability and MDD reported in treadmill studies for overground PTA measurements. The
higher reliability and smaller MDD in treadmill running might be explained by the difference
in variability between treadmill and overground running. There are physical constraints in
treadmill running, including limited physical dimensions, single and uniform direction, and a
regulated running speed, resulting in increased stride-to-stride regularity.1° In the current study,
runners were self-paced and ran along an oval track, higher variability in gait can be expected.
While treadmill running might be the preferred protocol of choice given the higher reliability,
it may not fully represent running in the real world. Fortunately, our results suggested that ICC
for overground running can be improved by increasing the number of strides analyzed.

Increasing the number of strides averaged across each session has resulted in improved
reliability and lower MDD previously, both within-session on a treadmill for axial and resultant
PTA® and between-session overground for axial PTA.% Averaging 30 strides of treadmill
running within the same session produced a 0.2 g and 0.4 g decrease in MDD for axial and
resultant PTA compared to five strides.’”® In the overground between-session reliability study,
the reliability of axial PTA shifted from moderate to good with a 0.4 g reduction in MDD when
averaging six instead of four strides. However, there was insufficient data in this published
study to examine if further increasing the number of strides would result in further

improvement of between-session reliability.> This overground study was conducted within the
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lab, where each running trial along the 32-m runway produce one stride for analysis.* In this
type of one-stride-per-trial study design, which accounts for 12% of IMU-based gait analysis,®
fewer than 10 strides are usually available.*® Increasing the number of strides would require
additional running trials and would be time-consuming. In our study, runners were running
along an oval track for 2.4 km. This allows continuous measurement of tibial acceleration,
making it possible to collect a larger number of strides in a shorter amount of time. In the
current study, each run lasted less than 16 minutes and more than 500 strides were available
from each session for analysis.

Given enough strides per session, this study has determined the number of strides required
to achieve good or excellent reliability. We have taken the average from the first five to 300
strides and compared it across sessions. Through visual inspection of data, the ICC value
fluctuated and increased within five to 40 strides for axial PTA, and within five to 100 strides
for resultant PTA, and leveled off into a plateau, suggesting no significant improvement in ICC
by adding more strides. A simple “knee point detection” algorithm was used to confirm this
observation, as presented in Appendix IV. For axial PTA, the minimum number of strides
required to achieve good reliability was 32 across both days, and 75 strides were needed for
resultant PTA to achieve excellent reliability.

The current study is the first to report between-session reliability and MDD for peak and
resultant PTA through continuous tibial acceleration measurement. One limitation of this study
is that we measured PTA along an oval running track. There are bends along the track which
could add variability to the running gait. Reduced step velocity and stride length were found in
sprinters during bend running.t’ In the current study, some runners demonstrated a periodic
change in PTA along the 2.4 km run. An example of the raw acceleration signal (Subject 10,
Baseline) is shown in Figure 6.2. A repeated pattern can be observed in the acceleration signal,

and interestingly, each repetition was spaced 25 to 30 seconds apart, approximately the time
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for half a lap. The higher PTA could be recorded during the linear portion of the track. However,
due to the lack of position data, we were unable to confirm this hypothesis. Stride-to-stride
variability within our study could have lowered the reliability and increased MDDs compared
to linear overground running, especially when averaged across few numbers of strides (< 40
strides). Another limitation was the limited generalizability of the results to conventional
outdoor running where stride-to-stride variability is expected to be higher than along an indoor
running track. Reliability and MDDs reported in our study should be used with caution for the
interpretation of future study findings where the condition differs significantly from our testing

condition.
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Figure 6.2. An example of raw tibial acceleration signal measured over a test session.
Acceleration signals are displayed in g (gravitational constant, g = 9.81 m/s?).
AccX, AccY and AccZ: acceleration along x-, y- and z-axes,

AccR: resultant acceleration.
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6.5  Conclusion and implications for future studies

In conclusion, axial PTA demonstrated moderate-to-good between-session reliability, and
resultant PTA demonstrated good-to-excellent reliability. In general, between-day reliability
can be improved, together with a smaller MDD, by averaging more strides from each session.
A minimum of 40 strides should be averaged when accessing axial PTA overground for good
reliability, and 100 strides for resultant PTA for excellent reliability.

Based on our comparisons of baseline to one week and three weeks, axial and resultant
PTA measured during overground running can be used to assess longer-term interventions,
such as gait retraining. Gait retraining protocol typically lasts for two or three weeks, in which
runners were assessed before and after.3644 A reliable measurement is crucial to assess the
effect of training. The MDD reported in this study should be considered when interpreting
results, as it represents the degree of change representative of a true change. The recommended
number of strides and MDD values obtained in this study were considered when examining the

proposed protocol.
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CHAPTER 7
EFFECTS OF ACCELEROMETER OPERATING RANGE AND A
CORRECTION ALGORITHM ON TIBIAL ACCELERATION

MEASUREMENTS

7.1  Introduction

Distance running has become a popular activity for people of all ages around the world.!
In the past 40 years, the running gait has been analyzed by sports scientists to evaluate
performance and gain a better understanding of RRIs.1".’® Traditionally, gait analyses were
conducted in the lab. The insight gained from lab-based studies has informed injury treatment
protocols and footwear designs.'>1"® However, recent studies suggested that gait parameters
measured in controlled lab settings may not be representative of those produced in real-world
conditions.”>8494.95

High PTA has been established as a biomechanical risk factor of common RRIs.172127 Two
retrospective lab-based studies found higher axial PTA among runners with a history of tibial
stress fracture compared to healthy controls.?%?” The values of PTA found in these lab-based
studies have been used to screen runners for high risk of tibial stress fracture, and provide gait
retraining to those in need.3%343% However, PTA measured in the lab was found to be lower
than that measured under real-world conditions.®® Furthermore, cross-sectional lab-based
studies may not completely capture the full range of PTA experienced by the runners.?t’
Longitudinal data under real-world conditions, preferably on a large scale, can help to
determine appropriate values for assessing injury risk.

Tibial acceleration can be measured outside of the lab using wireless IMUs or
accelerometers. For example, two studies have continuously monitored tibial acceleration

during marathon races using research-grade IMUs.”*"> Unfortunately, the use of specialized
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equipment has limited the length of the monitoring period and the sample size.” Valuable data
might also be lost if the IMU was not returned to the researchers after the data collection.”™
These logistic limitations might be overcome by using runner-owned devices. Wearable
technology is widely adopted within the distance running community.® The most popular
device used by runners is the GPS-enabled smartwatch. Most smartwatches are equipped with
an IMU or accelerometer.®® Real-world data obtained from runner-owned wearables may be a
valuable source of information to scientists. It is possible to obtain a large database of tibial
acceleration from runners if the devices can be reconfigured to measure tibial acceleration.
Commercially-available IMU or accelerometer-based systems may not have the same
technical specification as those used by researchers. The operating range of the accelerometer
might be narrower in runners-owned devices. In the case where the acceleration signal exceeds
the operating range of the sensor, the measured signal could be clipped and the amplitude of
the peak may not be registered. An example of a clipped axial tibial acceleration signal is shown
in Figure 7.1. A previous study which investigated the influence of operating range on PTA
measurements found that using a +8-g accelerometer could induce an error of up to 2.65 g.”
Hence, the first aim of the current study was to examine the accuracy of using a +16-g
accelerometer to measure axial and resultant PTA. This range was selected for its popularity

among wearable devices.®!
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Figure 7.1. Axial tibial acceleration measured using low (x16-g) and high operating range
accelerometers (£200-g).
Dotted line indicates the upper limit of the £16-g accelerometer.

Acceleration is presented in unit of g (gravitational constant, g = 9.81 m/s?).
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A correction algorithm has been put forward by Ruder et al. to restore clipped tibial
acceleration signals.™ In the study, the authors identified all PTA between 15.0 to 15.9 g and
artificially clipped the data at 15 g. An algorithm using spline interpolation was used to
recalculate the missing peak values. On average, the peaks were found to be underestimated
by 0.02 g (95% CI: -0.48 — 0.44-g). This simple algorithm has the potential for use to
reconstruct peaks from clipped signals, compensating for the limitation of a narrow operating
range found in runner-owned devices. However, the performance of the algorithm to restore
peaks beyond 15.9 g has not been validated. Furthermore, resultant PTA, another commonly
measured parameter,*’ have not been validated and therefore merit validation. The second aim
of the current study was to assess the measurement agreement of axial and resultant PTA
obtained from the restored signal.

In this study, signals from three conditions were used to obtain axial and resultant PTA.
The three conditions included: 1) signal obtained using a low operating range accelerometer
(LowOR-raw), 2) LowOR-raw signal but restored using the correction algorithm (LowOR-
restored) and 3) signal obtained using a high operating range accelerometer (HighOR), which

was considered the ground truth for comparison.

7.2 Methods
7.2.1 Participants
Participants were recruited by convenience sampling around the Campbelltown
Campus of Western Sydney University. Individuals with any active lower-extremity
injuries or other musculoskeletal or neurological conditions that might affect natural
running gait at the time of data collection were excluded. All eligible participants were
given a detailed explanation of the experiment prior to signing an informed consent

approved by the Human Ethics Committee of Western Sydney University (H14514).
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7.2.2 Data collection

All participants completed a data collection session at the Campbelltown Campus
of Western Sydney University. An outdoor concrete course 270 m in length with changes
in gradient (£15.8%) was used in this study. Participants wore their personal running shoes.

Prior to data collection, two wireless IMU sensors (Blue Trident IMU, Vicon, New
Zealand) each housing two accelerometers with different operating ranges, Low-G (+16-
g) and High-G (£200-g), were securely attached to the anteromedial aspect of both tibiae,
with the y-axis aligned with the long axis of each tibia. Tri-axial acceleration data were
sampled at 1,600 Hz and 1,125 Hz for the LowOR and HighOR accelerometers
respectively. Participants were given five minutes to warm up along the course. After the
warm-up, participants were instructed to complete four laps at their fastest pace.

The choice of an outdoor concrete running route with steep incline and decline, and
instructing the participants to run at a fast pace, were particularly designed to capture a
wide range of axial and resultant PTA. Tibial acceleration signals which exceed the
operating range of the LowOR accelerometer (i.e., 16 g) were required for comparison

with the HighOR accelerometer and validation of the restoration algorithm.

7.2.3 Correction algorithm to restore clipped signals

A correction algorithm was adopted from one described in a previous study,’ it
was modified for use with our higher sampling frequency and translated to another
programming language (Python to MATLAB). A detailed description of the algorithm is
provided in Appendix V. To ensure the algorithm used in this study was comparable to the
one developed by Ruder et al., a validation was conducted using the same method as
described.” More specifically, an artificially clipped signal was generated by replacing

the data points between 15 to 16 g in the axial component of the LowOR signal with a
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value of 15 g. For this validation, we compared 1,240 pairs of axial PTA. The reconstructed
axial PTA was found to be underestimated by 0.03 £ 0.29 g, as compared to the results
obtained in Ruder et al.’s validation (underestimation of 0.02 = 0.24 g). Based on
comparable performance, we determined that the adoption of the algorithm for use in the

current study was successful.

7.2.4 Data processing and analysis

Tri-axial acceleration data were downloaded from the sensor after each data
collection session. Custom-written MATLAB scripts were used to process data in this
study. The LowOR acceleration signals were duplicated as LowOR-raw and LowOR-
restored, and the LowOR-restored signal was processed with the restoration algorithm.
The acceleration signals collected through the High-G sensor were labeled as HighOR.
Identical MATLAB scripts were used to filter and extract axial and resultant PTA from
each set of acceleration signals (LowOR-raw, LowOR-restored and HighOR).

Each set of acceleration signals was filtered using a 2nd order Butterworth low-
pass filter with a cut-off frequency of 85 Hz. The resultant acceleration (AccR) was

computed as the square root of the sum of the squared acceleration of the x-, y- and z-axes

(i.e., AccR = VAccX? + AccY? + AccZ? ). Time of initial contact was defined as the
local minimum which occurred within 0.075 s prior to a local maximum identified in the
AccR signal. Peak axial (i.e., positive y-axis) and peak resultant acceleration were
extracted within the first 40% of each stride as axial and resultant PTA.1® A data
processing flow diagram is presented in Figure 7.2. The axial and resultant PTA of the
LowOR-raw and LowOR-restored conditions were matched with the corresponding peaks
obtained from the HighOR signal within a 0.2 s window, which was considered the ground

truth.
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Two-sample independent t-tests were used for intra-subject comparison of axial
and resultant PTA obtained from the conditions LowOR-raw and LowOR-restored against
the ground truth. The global level of significance for the t-tests was set at 0.05. To evaluate
the measurement agreement of axial and resultant PTA obtained from the LowOR-restored
signal and the ground truth, Bland-Altman plots combined with the calculation of 95%
confidence intervals (Closw%), also known as the limit of agreement, were used.!’*1" The
agreement was considered acceptable if the difference in the outer limits (upper Closy —
lower Clgs%) was within the MDD obtained in Study 4.

Based on the observation of the pilot data, it was hypothesized that the performance
of the correlation algorithm might vary depending on the magnitude of the peaks. The axial
and resultant PTA were segregated into different ranges based on the ground truth, in
increments of 4 g. The differences in the outer limits were calculated and compared

accordingly.
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Figure 7.2. Data processing flow diagram.
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7.3  Results

Based on our pilot data, we estimated that each participant will contribute 850 — 950 steps
for validation, and a minimum of 20 participants were needed to obtain 18,000 steps for
validation. Twenty-four physically active individuals (13 males and 11 females; mass: 68.4 £
12.7 kg; height: 1.7 + 0.1 m) participated in this study. A total of 40,855 peaks were obtained.

The HighOR acceleration signal did not show any clipping in any of the axes. The axial
and resultant PTA were found to be 14.38 + 3.07 g and 20.33 + 5.83 g respectively. Significant
differences (p < 0.05) were found in all 24 participants for both axial and resultant PTA derived
from the LowOR-raw signal and the HighOR signal (Figure 7.3). On average, the PTA values
were underestimated by 2.75 + 1.76 g for axial PTA, and 4.56 + 3.48 g for resultant PTA.

Comparing the peaks derived from the LowOR-restored signal with that obtained from the
HighOR signal, significant differences (p < 0.05) were found in 71% (n = 17) and 50% (n =
12) of the participants for axial and resultant PTA. While peaks from the restoration signal
were still underestimated, a smaller difference of 0.75 + 0.67 g and 0.63 £ 0.76 g were found

for axial and resultant PTA.
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Figure 7.3. Within-subject mean and standard deviation of axial (top) and resultant (bottom) peak tibial acceleration (PTA) derived from
different signals.

PTA is presented in unit of g (gravitational constant, g = 9.81 m/s?). * denotes p < 0.05 between Low-G-raw and High-G; + denotes p < 0.05
between Low-G-restored and High-G.
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Regarding axial PTA, a total of 13,805 peaks exceeding 16 g were identified from the
HighOR signal. The algorithm rejected 18.6% of the peaks from the LowOR-restored signal
for having a value below 16 g (Table 7.1). A total of 11,235 pairs of peaks were compared. On
average, the restored peaks were lower than the ground truth by 1.40 = 4.53 g. The Bland-
Altman plot for axial PTA is presented in Figure 7.4a. The number of peaks, rejection rate,
mean difference and Close of each range (i.e., 16 — 20, 20 — 24, 24 — 28 and > 28 @) are
presented in Table 7.1.

We observed signal clipping in each of the three axes in the LowOR-raw signal. Most
clippings were observed in the y-axis, with signals from 14,388 foot-strikes across the 24
participants being restored. Within the x- and z-axis, 13,031 and 5,789 foot-strikes were being
restored by the correction algorithm respectively. Resultant PTA obtained from foot-strikes
with at least one of the axes restored were compared against the resultant PTA obtained from
the HighOR signal. A total of 20,614 pairs of resultant PTA were compared. On average, the
restored resultant PTA values were lower than the ground truth by 1.23 + 5.48 g. The Bland-
Altman plot for resultant PTA is presented in Figure 7.4b. The number of peaks, mean
difference and Clese of each range (i.e., 16 — 20, 20 — 24, 24 — 28, 28 - 32 and > 32 g) are

presented in Table 7.1.
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95% confidence

n High-G (g) Low-G-restored (g)  Mean difference (g) Lowelrntervalprper F:ae{eeczgl/oo)n
bound bound
Axial PTA
All 13805 2155+ 4.54 20.15+4.72 -1.40 £4.53 -10.28 1.47 18.62
16-20¢ 7205 18.11 +1.05 17.90 +2.22 -0.21 £ 2.06 -4.25 3.82 27.84
20-24¢ 3759 21.80£1.15 20.75+£3.91 -1.04 £ 3.89 -8.67 6.58 8.09
24 -28¢ 1708 25.69 £1.12 23.12 +6.04 -2.57 £6.02 -14.37 9.23 8.49
>28¢ 1133 31.92 +4.55 25.01 £6.98 -6.92 + 7.58 -21.77 7.93 10.15
Resultant PTA
All 20614 26.66 £ 7.94 25.43 £8.51 -1.23+5.48 -11.97 9.52
16-20¢g 3923 18.42 £1.07 1796 £ 1.44 -0.45+0.93 -2.28 1.38
20-24¢g 5598 21.93+1.13 21.43+2.12 -0.50+1.84 -4.11 3.11
24 -28¢ 4144 25.88+1.14 25.05 + 3.40 -0.83+3.23 -71.17 5.51
28-32¢ 2706 29.84 +1.16 28.42 £5.30 -1.42 £5.23 -11.66 8.83
>32¢ 4243 39.26 £ 6.62 36.09 £ 11.07 -3.17 £10.39 -23.53 17.19

n, number of peaks; g (gravitational constant, g = 9.81 m/s?); PTA, peak tibial acceleration.

Table 7.1. Measurement agreement for axial and resultant PTA derived from the restored signal (Low-G-restored) and true value (high-G).
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Figure 7.4. Bland-Altman plots for a) axial and b) resultant peak tibial acceleration.
Solid line represents the mean difference (HighOR — LowOR-restored). A negative
difference indicates a smaller value obtained using the restored signal. The dotted line
represent perfect agreement (i.e., difference = 0). The shaded region represents the 95%

confidence interval. PTA is presented in unit of g (gravitational constant, g = 9.81 m/s?).
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7.4  Discussion

The first aim of the current study was to examine the accuracy of using a +16-g
accelerometer to measure axial and resultant PTA. In general, significantly lower values were
obtained from the low operating range accelerometer as compared to the ground truth. Based
on our results, accelerometers of +16-g are not sufficient for tibial acceleration measurements.
The second aim was to evaluate the performance of a correction algorithm designed to restore
signals that exceed the operating range. The axial and resultant peaks obtained from the
restored signals have a smaller error compared to the raw signals, and yet, the peaks obtained
were still found to be significantly lower. We also observed a wider Clgsy at peaks of higher
magnitude, which confirmed the hypothesis about the correction algorithm performing better
with peaks of lower magnitude. Overall, regardless of whether the correction algorithm is
applied, using a low operating range accelerometer to measure axial and resultant PTA should
be avoided.

A large database of tibial acceleration data is required for further understanding of high
PTA as a biomechanical risk factor of injury.t”?%2" To overcome logistic limitations, we
proposed the reconfiguration of runner-owned devices with lower operating ranges to measure
tibial acceleration in real-world conditions. However, based on the findings of this study, the
use of £16-g accelerometers to measure axial and resultant PTA could result in errors beyond
the acceptable range. Compared to lab environments, axial and resultant PTA were found to be
higher in real-world conditions. Besides, there are situations where runners might choose to
run at higher speeds (e.g., during a competition) or downhill, which can further increase axial
and resultant PTA.*® Tibial acceleration measured in real-world conditions is very likely to
exceed +16-g and would result in clipped signals.

According to a recent systematic review of wearable sensors used for gait analysis, +16-g

is the most common operating range for accelerometers,%* which is also the minimum operating
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range recommended by Mitschke et al.” Systems with +16-g accelerometers, for example, the
IMeasureU (Vicon, New Zealand)*%74176 and the AcelSystem (Blautic, Spain),*’”1’® have been
used in research studies to measure tibial acceleration. We observed systematically skewed
data when using the LowOR sensor without the correction algorithm. A large number of axial
PTA obtained from the LowOR-raw signal were found at 16 g. This is likely explained by the
LowOR accelerometer recording the maximum value (i.e., 16 g) when the signal exceeds the
operating range, resulting in consecutive data points of 16 g as shown in Figure 7.1. The
MATLAB script we used to identify peaks returns the maximum value within the first 40% of
each foot-strike stride. The value of these falsely identified “peaks” therefore skewed the data.
Based on such findings, we recommend studies which have or will use a £16-g accelerometer
to inspect the tibial acceleration signal for potential clipping, especially when the distribution
of the peaks obtained is skewed toward the maximum operating range.

The correction algorithm was able to restore the clipped signal and reduce the error.
However, an overall underestimation of the peak values was still found after the signal was
restored. With our pilot data, we observed that the data points in the Bland-Altman plot
spreading out wider as the magnitude of the peaks get larger. Based on this observation, we
hypothesized that the correlation algorithm might be better at reconstructing peaks of lower
values. This hypothesis was confirmed by the increase of mean difference across the ranges of
peak values in both axial and resultant PTA. The differences between the Close limits were
compared against the MDD found in Study 4, 2.70 g for axial and 2.38 g for resultant PTA, to
interpret if the error range was acceptable. Unfortunately, the limits for both axial and resultant
PTA in all ranges were outside of the acceptable range. We do not recommend the use of the
correction algorithm since it is highly possible that the error would mask the true difference of
interventions and lead to invalid interpretations. Nevertheless, the acceptable limit used in our

study may not reflect all conditions. A study-specific range may be determined based on
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clinical or research necessity, with reference to the peak values and effect size estimated
specific to each study. In the case where accelerometers with higher operating ranges are not
available, and researchers have the intention to use the correction algorithm, the limits of
agreement reported in the current study should be consulted. Based on our results, we strongly
discourage the use of the correction algorithm on clipped tibial acceleration signals if the peak
values are expected to be large and the estimated effect size is within the corresponding limits
of agreement.

The correction algorithm was designed to reject reconstructed peak values of below 16.0 g.
A similar criterion was set in Ruder et al. algorithm.” In principle, the peak value within the
reconstructed signal should not be lower than the limit of the operating range as clipping would
not have occurred in such a case. In our study, over 18% of axial PTA were rejected. For peaks
within the range of 16 — 20 g, more than 27% of the reconstructed peaks were rejected. Since
rejecting peaks using a set threshold could have a higher potential of removing peaks with
lower values, the data set could be skewed towards higher values. Unfortunately, a comparison
of the rejection rate was not possible since the two previous studies using the correction
algorithm did not report a percentage.”*" We recommend future studies using this algorithm
to report the rejection rate.

A few limitations of the current study should be noted. The assessment protocol was
designed to obtain high axial and resultant PTA values, which is expected within real-world
running. However, the mean error and limits reported may not be directly applicable to other
conditions. Future studies may refer to the results as a more conservative estimation of error
when deciding if a higher operating range is necessary. Secondly, position data was not
collected in this study, therefore we were not able to perform sub-group analysis on peaks
obtained under different surface inclinations. The tibial acceleration signal profile has been

found to vary between uphill, level and downhill running,'%>*! which could influence the
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magnitude and timing of the peaks in both the axial and resultant acceleration signals. Based
on the current analysis, it is unsure if the performance of the restoration algorithm varies under
different slope conditions. Lastly, the sampling frequency and the resolution are different
between the LowOR and the HighOR accelerometer and could result in minor differences in

the PTA measurements.

7.5  Conclusion and implications for future studies

In conclusion, both axial and resultant PTA obtained from the £16-g sensor were smaller
than the true value. Accelerometers of this range are not suitable for tibial acceleration
measurements. A thorough inspection for clipping should be conducted prior to filtering the
acceleration signals to avoid invalid PTA measurements. The correction algorithm was able to
restore peaks and reduce error, however, the axial and resultant PTA values were still found to
be smaller than the true value. For axial PTA, a larger error was found at higher peak
magnitudes. Based on the findings, it is not recommended to use £16-g accelerometers, with
or without the correction algorithm, for the measurement of axial and resultant PTA. The
reported the limits of agreement should be taken into consideration for future investigations.

Based on the findings, we have chosen a wide-range (+200-g) accelerometer for training
and assessment of our proposed training protocol which was conducted within similar

conditions (outdoor running route with changes in surface gradient) of the current study.
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CHAPTER 8

GENERAL DISCUSSION AND CONCLUSION

8.1 General discussion

The main objective of this thesis is to develop a gait retraining protocol for runners to
modify their gait under real-world conditions. To address this objective, we have identified the
limitations of treadmill-based gait retraining, examined the habitual grade-specific adaptations
in real-world running and established the technical specifications for using wearable IMU
sensors to assess PTA outside of the lab.

Based on our findings, we propose the use of an adaptive biofeedback protocol for gait

retraining along overground trails with elevation changes.

8.1.1 Limitations of conventional gait retraining protocols

For the past 13 years, over 20 gait retraining studies have been published.” 122056
These studies have demonstrated promising results in alternating running biomechanics in
injured and healthy runners.”*256 Even though the intervention type varies considerably, a
common goal of the training was injury prevention among runners with a high risk of RRI.
Two gait retraining studies measured the injury outcome directly,4%> and other studies
measured surrogate variables that associate running biomechanics and injury risk.'?
Common surrogate variables include the vertical GRF loading rates (i.e., VALR and
VILR), which have been measured and compared to assess the effectiveness of gait
retraining in at least seven RCTs.1214.1534:41,42,180,181 AJthough the evidence between high
loading rates and injury risk is limited, a reduction in VALR and VILR is generally

considered preventive of common RRIs.*17
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A major component of gait retraining is real-time biofeedback. Modification to the
gait pattern requires practice, and extrinsic feedback provided during practice could
enhance this process.® Feedback used in previous gait retraining studies is either directly
related to impact loading rates or indirectly through cadence or foot-strike pattern.!?
Immediate reductions in VALR and VILR have been demonstrated by increasing 10% of
cadence or switching from a RFS to MFS/FFS.> Examples of direct impact-related
feedback are visual displays of the GRF or tibial acceleration,®® and indirect feedback
includes the visual display of cadence*? or foot-strike pattern.3* Providing real-time
feedback requires lab-based equipment, such as wired accelerometers, instrumented
treadmills and/or motion capture systems, making treadmill-based training practically
easier than overground.*® Furthermore, treadmill-based training allows researchers to
supervise the training and control running speed. Structured, supervised training on a
treadmill eliminates extraneous variables that might affect the outcome of gait retraining
studies.”

The popularity of training overground versus on a treadmill may differ slightly
across regions, yet large-scale surveys on recreational runners found less than 6% of
runners predominantly train on a treadmill.5°8283 Most runners prefer the road, trail or
track.®® From an injury prevention perspective, most runners would need to adopt the
modified running pattern during overground running for optimal clinical benefits. A few
gait retraining studies have assessed the training effect overground after a course of
treadmill-based training, which suggested partial transfer,3%3* and yet, the transferred
training effect to overground might be reduced.*%44

Study 1 was designed to examine to what extent the biomechanical effects of gait
retraining on a treadmill could be carried-over to overground running. Twelve habitual

RFS runners completed an eight-session gait retraining on a treadmill, modifying their
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foot-strike pattern to MFS with a real-time visual display of their foot-strike pattern. While
changes in foot-strike pattern were carried-over to overground running, the reduction in
VILR during treadmill running was not observed in overground running. This suggested
an incomplete carry-over and established a need for gait retraining to be conducted
overground.

Slopes are often found within real-world outdoor running environments. Many
outdoor running courses, including the race course of the Boston Marathon,*®? have a mix
of uphill and downhill segments. Study 2 was designed to examine the carry-over of
training effects from a level surface gait retraining to sloped running conditions. Similar
to Study 1, habitual RFS runners completed a gait retraining which modifies their foot-
strike pattern. Runners were trained along an oval running track. Level surface running
tracks have been used by another research group for overground gait retraining.363’
Training along the tracks allows runners to train in a condition that is closer to their regular
training condition, while still allowing researchers to control training speed and supervise
the training. After the gait retraining in Study 2, VALR and VILR were reduced in both
level and uphill running conditions, but not during downhill. Further inspection of the
results revealed that runners demonstrate natural adaptation in foot-strike patterns when
running on slopes, and these adaptations might have interacted with the training effect.

The incomplete carry-over from traditional training conditions (i.e., treadmill and
level running surface) to conditions that resemble real-world running (i.e., overground and
slopes) established the need for a change in the training protocol. These limitations can be
overcome by incorporating gait retraining within the runners’ routine training, allowing
practice within a natural training environment. Simple wireless equipment that can provide
real-time feedback outside of the lab and a protocol designed for training outdoors with

changes in elevation are fundamental for gait retraining under real-world conditions.

119



8.1.2 Wearables for gait retraining

Apart from the incomplete carry-over to real-world running conditions, low
accessibility has been a major shortcoming for lab-based gait retraining.® Runners with a
high risk of RRI may not have access to expensive, specialized, research-grade equipment
required for gait assessment and real-time biofeedback. Fortunately, the recent
development in wearable technology has created the possibility for conducting gait
retraining outside of the lab.

Wearable devices, such as GPS-enabled smartwatches, were used by over 60% of
runners.%® While accuracy can be affected by the device model and running location,83
GPS-enabled smartwatches are generally considered valid tools for measuring distance
and speed outside of the lab.'8 Other commonly used wearables in running gait analysis
are IMUs, accelerometers and pressure insoles, providing outcome measures including
cadence, stride length, ground contact time and tibial acceleration.®* Wearable systems
have been used in gait retraining to provide real-time feedback. In Willy et al.’s study, a
smartwatch paired with an accelerometer at the shoe provided cadence information to
runners training to increase their cadence by 7.5%.? Another research group used a system
consisted tibia-mounted accelerometers, a tablet and headphones to provide audio
feedback on PTA when training along an overground running track.%637 In study 2, we
used a foot-strike detection insole and provided real-time audio feedback to runners
regarding their foot-strike pattern.’® These applications have demonstrated the capability
of wearable systems for use in gait retraining outside of the lab.

In addition to the accessibility and availability of wearable systems, the reliability
and validity of using such systems are also crucial for running gait assessments and gait

retraining. A series of studies by Benson et al. have suggested differences in biomechanics

120



and variability between treadmill/indoor running and under real-world conditions.5%:185.186
External factors within the real world should be considered when designing assessment
and training protocols. Reliability should also be established for measuring running
biomechanics outside of the lab. Study 4 aimed to examine the between-session reliability
of measuring PTA, a surrogate measure of loading rates,>>! during overground running.
A considerable difference in reliability was found between our study and that previously
reported for treadmill running.*”1"* Overground running has been associated with higher
variability,1° and could lead to lower reliability if adopting the same protocol as treadmill
running. Results of Study 4 suggested a larger number of strides should be averaged from
each session to improve the reliability in overground running.

The validity of PTA measurements can also be affected by the technical
specifications of the accelerometer or IMUs used, such as the operating range.” Study 5
examined the accuracy of PTA measurements using an accelerometer with a low operating
range of £16-g. Based on a recent systematic review, this operating range is the most
commonly used range in running gait analysis,! and was previously recommended as the
minimum operating range required.”® Results of Study 5 showed data skewing when using
a = 16-g accelerometer, and values of the peaks were found to be significantly lower than
their true value. We have also validated a correction algorithm adopted from a previous
study to restore peak values,’ yet, peak values were still found to be underestimated.
Based on the findings, we recommend using accelerometers with a higher operating range

for accurate measurements of PTA.

8.1.3 Gait retraining under real-world conditions

The fundamental differences between supervised lab-based training and free-form

real-world training should be taken into account when designing the training protocol. The
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structure of training (i.e., number of sessions), ease of implementation, feedback modality,
and external factor within real-world conditions should be considered.

Lab-based training often has a set schedule, it ranges from three sessions in one
week®” to 36 sessions over 12 weeks.*! The length of each session is also predetermined,
some are consistent throughout the training,8” while some progressively increase from
10 to 30 minutes.3® However, it might be difficult to standardize training in the real world.
The training frequency and length of each session would depend on the runner’s regular
training routine. Structured lab-based training allows researchers to objectively assess the
effectiveness of one standardized training protocol in a group of runners based on
biomechanical outcomes, but this may not be necessary or practical in real-world training.
The duration of the training should be determined on an as-needed basis.* Training in the
real world could make use of continuous monitoring, assessing the performance within
sessions, and allowing adjustments to the overall duration of training. In fact, in a recent
gait retraining study, Goss et al. introduced checkpoints at six, eight and 10 weeks to assess
the modification.'® Gait assessments were conducted after the first six weeks of training,
and runners with an incomplete RFS to non-RFS transition were asked to continue training
for another 2 weeks before reassessment. Among the 19 runners who participated, 79%
transitioned within six weeks, and another 5% and 11% transitioned within eight and 10
weeks. The rate of motor learning could vary between runners of a different age or skill
level. Real-world training should incorporate more frequent assessments and/or
continuous monitoring, and adjust the training protocol based on individual needs.'8®
Clansey et al. found that VALR and VILR in some trained runners trended back to their
baseline value after a month and proposed the need for additional sessions (i.e., refresher
sessions) to promote retention.>* Continuous monitoring could detect changes in the

running gait post-training and indicate if refresher sessions are required.
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Monitoring performance within training sessions could also help the early
detection of non-responders. Runners respond differently to training.?4314%44 |n studies
that promote non-RFS in habitual RFS runners, including studies 1 and 2, the response
rate ranged from 40 to 75%.3! Sheerin et al. and Zhang et al. reported the response rate of
61 and 80% for their gait retraining to reduce PTA.*%44 For runners training by themselves
in the real world, it would save both effort and time if they could be advised of alternative
training targets once identified as a non-responder. Besides, monitoring performance
within sessions might also promote progressive learning. Lab-based gait retraining studies
often use a fixed training target (i.e., increasing cadence by 7.5%,%14? reducing PTA to 50
or 80% of baseline3>3544), Training targets could be flexible and adjusted based on
previous performance to ensure a challenging yet attainable goal.*>% Runners are not
supervised in real-world training, and they are not prescribed structured training. A
challenging and attainable goal might help keep runners motivated and enhance
compliance.°

The training set-up for real-world conditions should be simple, and equipment
should be accessible to the general running population. While not commercially available,
the manufacturing cost of the foot-strike detection insole used for training in Study 2 is
low,”® and the feedback system set-up was simple. A similar system also exists within the
market.?®! Recent gait retraining studies have used commercially available foot-pod and a
smartwatch to provide cadence information,** a simple metronome application on the
smartphone to cue runners to run at the targeted cadence*' and instrumented socks with
textile pressure sensors to provide real-time foot-strike pattern and cadence information.*8°
Runners in these studies were given simple instructions on the set-up before their first
training and their training sessions were unsupervised, with no researcher to assist in the

set-up. These applications have demonstrated the possibility of using wearable systems to
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provide biofeedback for training in the real world, and simple systems with intuitive
interfaces are preferred.

Common types of feedback modality for biofeedback gait retraining include visual,
audio and haptic. Visual display through a screen placed in front of a treadmill is one the
most popular form of visual delivery within the lab.1% Study 1 displayed foot-strike pattern
information to runners using this method. Other studies have displayed real-time GRF
curves,'* hip adduction angle curves,’®® and tibial acceleration curves.3441% Visual
display allows for more complex information, yet screens might not be possible in
overground training. The use of audio feedback might be preferred when running in real-
world conditions. Audio feedback allows better focus on the task compared to visual
feedback.331%51% Runners training in the real world would be able to receive feedback
without losing focus on the road condition. In Study 2, foot-strike information was
represented by audio cues of a different pitch. Compared to using a graphical presentation
of the location of the foot that strikes the ground at initial contact in Study 1, the audio cue
in Study 2 might be less intuitive. Runners have to associate a certain pitch with the
corresponding foot-strike pattern, fortunately, this process did not seem to affect the
training effect. Audio cues as feedback should be simple and informative, for example, a
simple “beep” or buzzer noise could be used when performance differs from the training
target,12%147 alerting the runner to focus on the modification. Another type of audio cue
like metronomes®4! or music with beat frequency synced to the target cadence®®! can also
be used to assist runners in changing their cadence. Haptic feedback, often in the form of
vibrations, was seldom used in running gait retraining. Sheerin et al. used a haptic
feedback watch, providing vibration pulses when PTA exceeded the training target.*°
While it is possible to use haptic feedback in real-world training, the feedback should be

easy to perceive and the vibrations should not hinder movement.%’
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In treadmill-based studies, runners would train at a constant speed. The speed was
usually determined by the runner'*28 or picked between a few choices.*® In study 1, the
speed was set to match a typical 30-minute training session. Speed control is simple on
treadmills, overground supervised training would require a positioning system and/or
feedback from researchers.®” In study 2, a researcher timed each lap during the training
sessions and asked the runner to adjust their speed accordingly. While speed can be
controlled in overground running, the reason for such a design was unclear. One plausible
explanation is to allow comparable results to treadmill-based studies. Brake et al. let
runners train at their own pace, and even though they asked them to run roughly to the
same speed as the baseline, they found a slight reduction in speed after the training.t°! In
real-world overground training, speed control might lack practical significance, runners
should be able to adjust their speed within the training. Speed can be provided as
feedback,*>#? but not necessarily controlled.

Lastly, there are external factors within real-world running conditions that may not
be considered when training in a controlled environment, such as weather, running surface
and surface inclination. A study has shown subject-specific biomechanical changes under
different weather conditions (-10°C vs. +6°C).1%8 Studies have reported differences in PTA
along different overground running surfaces.®1%117 When compared to lab runways, axial
PTA and resultant PTA were higher when running on grass and sidewalk.®® The other
study observed higher axial PTA in grass than concrete at the level condition, and higher
axial PTA in grass than asphalt at the incline condition.'” Difference in foot-strike pattern
has also been observed between slope conditions.1"1% In Study 2, we observed a RFS to
MFS transition among some runners during uphill running. In Study 3, we observed
changes in speed and cadence when runners were running uphill and downhill, compared

to a level surface. These natural biomechanical adaptations should be considered when
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8.2

designing a training protocol. The training target should be adapted to the running
condition to ensure that the feedback is relevant during real-world training. A proof-of-
study has been designed to explore the potential of using adaptive feedback in gait

retraining; this study is presented in section 8.2.

A proof-of-concept study

8.2.1 Rationale and objective
The training target of biofeedback gait retraining should be relevant to the running
condition. Runners demonstrate grade-specific biomechanical adaptations, including
changes in speed, cadence and PTA. A target set based on level running may not be
suitable for training along slopes. We propose the use of adaptive feedback, with the target
set based on each slope condition. As a proof-of-concept, this study was designed to
establish the feasibility of adaptive feedback in a structured gait retraining to lower PTA
along an outdoor route with elevation changes. The axial and resultant PTA before and

after the training were compared on various slope conditions.

8.2.2 Methods

An experienced female runner with no musculoskeletal injury within 6 months
prior to participation completed this study. She trained 30 — 40 km per week and was a
self-reported MFS/FFS runner. She was given a detailed explanation of the experiment
prior to signing an informed consent approved by the Conjoint Health Research Ethics
Board of The University of Calgary (REB22-0931).

The participant completed an initial screening session at the 200-m track located in
the Fitness Centre at the University of Calgary. A self-paced run at her regular training

speed confirmed her average axial PTA to be higher than 8 g and eligible for training.**
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The baseline assessment was separated into two parts, the outdoor field-based
assessment and the treadmill assessment. The participant wore the same pair of shoes
throughout the entire experiment.

To establish a stable running pattern under sloped running conditions,*>® the
participant completed three outdoor field-based tests. The tests were completed between 8
to 10 AM within eight days, with at least 24 hours in between tests. Each testing session
included a warm-up on a level surface and a 5-km trail run along the Weaselhead regional
pathway, Calgary. The runner was asked to run at a pace that was suitable for a 5-km run.
The elevation profile and the details of the route are provided in Appendix VI. The route
was divided into a 1600-m level, two 800-m uphill and two 800-m downhill sections. An
IMU (z 200-g, Blue Trident IMU, Vicon, New Zealand) was strapped to the anteromedial
aspect of the right distal tibia of the participant, with the y-axis aligned to the long axis of
the tibia. °° Tri-axial accelerations were recorded simultaneously at 1,600 Hz. The
participant was also fitted with a GPS-enabled smartwatch (Garmin, vivoactive® HR;
Garmin International Inc, KS, United States) to record elevation and distance at 1 Hz.

Following the outdoor field-based assessment, the runner completed a lab-based
treadmill assessment on a separate day. The instrumented treadmill (Bertec, OH, United
States) inside the Human Performance Laboratory at the University of Calgary was used.
The IMU was fitted and strapped to record tri-axial acceleration. There were three
inclination conditions matching the outdoor running tests: level (0%), uphill (+4%) and
downhill (-4%). The speed for each condition was set to match the average speed recorded
for each slope condition (level, uphill and downhill) during the outdoor tests. Data were
recorded for three minutes.

The participant completed six training sessions over two weeks, with at least 48

hours in between sessions. The training was conducted along the same route as that of the
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outdoor assessment, but instead of running in a loop, the runner was first trained along the
1600-m level section, then repeated the uphill and downhill segments three times each.
The IMU device was strapped to the participant’s right leg and connected wirelessly to her
own iOS device through the Capture.U app (Vicon, New Zealand). The axial PTA
collected for the level, uphill and downbhill sections during the baseline field-based tests
were averaged. The threshold values for retraining under each condition were set at 80%
of the corresponding baseline values.®*4* An audio beep was provided through headphones
in real-time when the training threshold was exceeded. The participant was told to land
softer and avoid the audio cue. Tri-axial accelerations were measured and recorded at 500
Hz.

After the training, the outdoor field-based assessment and the treadmill assessment
were repeated. The treadmill assessment was conducted once at the speed used during the
baseline assessment and once at the speed that matched the outdoor runs after training.

The IMU and Garmin smartwatch data were synchronized to the nearest second.
Tibial acceleration was filtered and processed using identical MATLAB scripts from
Study 5 to extract axial and resultant PTA. Distance and elevation were extracted from the
Garmin device and smoothed with a 10 s moving average.'*® Speed was calculated using
the elevation change and horizontal distance traveled over time for each section. The
position data (latitude and longitude) from the Garmin device were used to identify
segments of the data to be removed from the analysis. The runner crossed a bridge during
the level section of the outdoor run and did a U-turn at the half-way point, data within 15
seconds prior to and after the bridge and the U-turn were removed from analysis. For each
condition, 200 steps were taken from the middle and averaged.

The change in speed was analyzed using the method described in Brake et al.’s

study for within-subject changes across time.’>* A 2-SD band was calculated using the
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average speed under each slope condition recorded during the three field-based
assessments at baseline. The average speeds for each slope condition during training and
post-training assessment sessions were calculated. Two or more successive data points (i.e.,
average speed) outside of the 2-SD band indicate a significant change from baseline.%?

The reliable change index (RCI)* was calculated for axial and resultant PTA
between baseline and post-training assessments for each sloped condition using the
following equation:

PTAl_PTAZ
\/2 x (SD; x JT—122)’

where PTA1 and PTA: represent the average PTA value measured during the baseline and

RCI =

post-training assessments for each condition; SDi1 represents the SD in the baseline
assessment. rxx represents the reliability coefficient. The reliability coefficients for each
condition are listed in Table 8.1. The RCI has been used to assess the effect of gait
retraining on an individual level,** a value greater than 1.96 indicates a significant change

with 95% confidence.

129



Reliability coefficient

Condition Variable
(rxx)
Axial PTA 0.81*
Outdoor field-based
Resultant PTA 0.93*
Axial PTA 0.811"11
Treadmill
Resultant PTA 0.9247

* reliability coefficient obtained in Study 4.

Table 8.1. Reliability coefficients used for the calculation of reliable change index for

different conditions and variables.
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8.2.3 Results

At baseline, the running speed for level, uphill and downhill conditions were 3.62
+0.13, 3.47 £0.08 and 3.82 £ 0.07 m/s respectively. Slower running speeds were recorded
during the post-training field-based assessment, the adjusted speeds were 2.96 £+ 0.05, 3.08
+ 0.08 and 3.10 £ 0.14 m/s. The average speed recorded during the six training sessions
and the post-training assessment were all outside of the 2-SD band. A significant reduction
in speed was observed during training sessions and during the post-training assessment for
all sloped conditions (Figure 8.1).

The RCls are presented in Table 8.2. Significant changes in axial PTA were
observed in all slope conditions, for field-based (RCI > 2.4) and treadmill (RCI > 3.2)
assessments, when running at the adjusted speed. The largest change in axial PTA was
observed during field-based downhill running with a 57% (-9.17g) reduction. However,
when running on the treadmill at the baseline speed (i.e., faster speed), no significant
reduction was observed in axial and resultant PTA at the level and uphill conditions. The
only significant change was observed in the downhill condition (RCI = 4.0) with a 15.7%

(-1.9 g) reduction in axial PTA.
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Figure 8.1. Average speed for the level, uphill and downhill conditions for each session.
Data points are color coded to represent different slope conditions. Shaded regions in corresponding colors represent the two standard deviation

band calculated using the average speed under of each slope condition at baseline.
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Baseline PTA (g)

Post-training PTA (g)

Adjusted Speed

Same Speed

Adjusted Speed

RCI

Same Speed

Outdoor field-based

Level 8.56 +0.13 5.31£0.12 5.14*

Axial Uphill 6.33+0.41 4.10+0.16 2.42*

Downhill 16.20 £ 0.15 7.04 £0.35 5.83*

Level 18.16 + 3.06 14.05+0.33 3.76*

Resultant Uphill 18.70 £ 1.66 14.65 = 0.50 3.85*

Downhill 35.46 £5.25 18.62 £ 0.44 4.18*

Treadmill

Level 7.90£0.74 5.70 £ 0.47 7.71£0.58 5.86* 0.49
Axial Uphill 5.19+0.78 3.90£0.43 5.16 £ 0.46 3.22* 0.07
Downbhill 11.93+0.92 7.19 +0.65 10.06 + 0.85 10.05* 3.97*
Level 17.17 £0.85 13.32£1.02 16.77 £1.12 11.38* 1.18
Resultant Uphill 14.42 £ 1.06 13.28 £1.13 14.58 £ 1.20 2.69* -0.36
Downbhill 22.84+1.03 18.71 +1.13 23.12+1.12 10.02* -0.67

PTA, peak tibial acceleration; g (gravitational constant, g = 9.81 m/s?); RCI, reliable change index.
* significant difference (RCI > 1.96) between baseline and post-training assessments

Table 8.2. Mean * standard deviation of axial and resultant PTA at baseline and post-training assessments.
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8.2.4 Discussion

This proof-of-concept study demonstrated the feasibility of using adaptive
feedback, training targets set based on different slope conditions (i.e., level, uphill and
downhill), in outdoor gait retraining. Reductions in axial and resultant PTA were observed
in all slope conditions. Running speed was reduced during the training sessions and during
the assessment sessions after the training.

Several gait retraining studies have adopted a free-form training protocol, where
runners completed the biofeedback gait retraining within their usual training
conditions.®4142.151 These studies were designed to increase cadence, where the training
target and feedback were set as +7.5 — 10% of the baseline value. While the exact training
conditions were not reported in these studies, their participants could have trained on
treadmills, overground running tracks or even trails with elevation changes. The training
target remained constant during the whole training, regardless of slope conditions. None
of the mentioned studies tested the training effects on slopes,3%4142151 therefore it is unsure
if using a constant training target was effective for sloped running. However, based on our
understanding of natural gait adaptations in sloped running, as shown in previous
studies*®1% and Study 3, running speed, cadence and PTA were different across slope
conditions. Using a training target set for running along a level surface might not be
suitable for training along slopes. To ensure relevant feedback during training, we
proposed the use of adaptive feedback, with the training targets set based on the baseline
value obtained from each condition. To our knowledge, this proof-of-concept study is the
first to use a different training target for different slope conditions during gait retraining.
We tested this protocol along an overground running route with changes in elevation.

Although the training sessions in this study were supervised, it has demonstrated

the feasibility of using a commercially available system to conduct gait retraining to reduce
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PTA under real-world conditions. This wearable system was chosen for its ease of use,
and it meets the technical requirements as recommended in Study 5. Before each training
session, the participant fixed the sensor onto her right lower leg and connected the sensor
to her own hand-held device. The system is commercially available, and the setup for
providing audio feedback is simple. The participant did not encounter any technical
difficulties during the training sessions.

The acceleration signals during the training sessions were recorded. As mentioned
previously in section 8.1.3, this information could be used to identify non-responders and
determine if the runner requires more training sessions.*® The axial PTA values obtained
from the data collected during her training sessions were processed and presented in Figure
8.2. Using data obtained during the training session, metrics such as the mean, median or
upper/lower quartile PTA, and percentage of strides meeting the training target are
available and could be used to determine if the training is complete based on pre-set criteria.
This proof-of-concept study has demonstrated the feasibility of obtaining training data.
Future research can utilize training data from a larger group of participants to define the
criteria for the detection of non-responders and to determine if more sessions are required

based on an individual’s training performance.
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Figure 8.2. Box plots of axial peak tibial acceleration (PTA) during a) level, b) uphill and c)
downhill conditions across sessions.

PTA is presented in unit of g (gravitational constant, g = 9.81 m/s?).

136



In this study, we observed a reduction in running speed during and after the training.
This observation suggested that when speed was not strictly controlled during training, as
in treadmill-based training, the runner make adjustments to their speed. A similar
observation was reported in Brake et al.’s study.’®® In the current study, the runner
completed the post-training treadmill assessment at both the baseline speed and the
adjusted speed. While a significant reduction in PTA was observed in all conditions at the
adjusted speed, only axial PTA during downhill running was reduced at the baseline speed.
Reducing speed appears to be the main strategy used by this runner to reduce axial PTA
across conditions, and other subsidiary changes might only be carried-over to the downhill
condition. There may also be a floor effect on the ability to reduce PTA on the treadmill
at the baseline speed with lower baseline axial PTA (< 8 g).* A larger study with kinematic
data is required to confirm these speculations. Furthermore, continuous remote monitoring
of the runner is warranted. If the runner’s regular training speed trends back to the baseline

value, additional training sessions with speed control might be needed.

8.3  Limitations and future directions

The proof-of-concept study is designed to explore the potential of gait retraining in
conditions that resemble real-world training. The proposed training protocol was tested to
demonstrate its feasibility and to provide information for future large-scale studies. One
limitation is that we have only considered three slope conditions. Runners training in the real
world can run across a wide range of gradients, and a subtle uphill slope could affect the gait
differently than a steep slope. Based on the results of Study 3, the grade-specific adaptations
are expected to be subject-specific and non-linear. Future studies could assess runners on
common retraining targets (i.e., cadence and PTA) across a range of gradients to create a

subject-specific model. Real-time position (i.e., GPS data) obtained from wearable devices
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could be used during real-world training to obtain the exact gradient, and an appropriate
threshold could be set based on the subject-specific model developed.

The runner in this proof-of-concept study reduced her speed during and after the training.
While reducing speed appears to be a viable strategy to reduce PTA during overground gait
retraining, this strategy may not be preferred or adopted by competitive runners who prioritize
their performance. Real-time visual*? or audio feedback8® on speed can be provided to runners
who would prefer to maintain their speed during training. Future investigations are required to
examine the effect of speed-controlled overground training along slopes.

The focus of this study was on modifying gait in real-world conditions. While there are
theoretical links between biomechanical changes and injury risk,'>17 large-scale RCTs which
analyze injury prevalence after training are needed to fully comprehend the clinical
implications of gait retraining in real-world conditions.

Lastly, this proof-of-concept study focused on gait training along overground slopes.
Compared to lab-based training, our training was conducted in an environment that better
resembles the natural training conditions of the general running population. And yet, the
training was conducted within two weeks and the running course was controlled. There are
other external factors within real-world training that could interact with the training effect, such
as weather and change in running surface. Future studies should assess these factors to further

optimize the training protocol for use in real-world conditions.

8.4  Conclusion

This thesis presented the limitations of lab-based gait retraining. The training effect of lab-
based training was not fully transferred to conditions that resemble runners’ natural training
conditions, including overground and sloped running. The results of this thesis support the need
for training in conditions that matches real-world conditions. Furthermore, runners

demonstrated biomechanical adaptations when running along slopes in the real world. External
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factors within real-world running conditions should be considered when optimizing the training
protocol.

Gait retraining under real-world conditions would require systems that can provide
feedback outside of the lab. With the existing wearable technology, tibial acceleration, a
common training parameter, can be measured and real-time biofeedback can be provided to
runners. Some technical specifications should be considered for accurate and reliable tibial
acceleration measurements, including the use of accelerometers with an operating range wider

than £16-g, and at least 100 strides should be measured during each session.
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APPENDIX I11

An example of running record segmentation

Elevation
DN
7
R
/

1 km

The figure above presents an example of the elevation profile across a recorded run. The
record has been segmented into 100 m sections as indicated by the vertical lines. The table

below summarized the segments identified for analysis.

Segment Description Condition

a First 500 m of the run: warm-up Excluded
4 consecutive 100-m sections between 3 and 15%

b . ) . Excluded
This segment is less than 600 m of the same conditions
7 consecutive 100 m sections between -15 and -3% .

c i . Downhill
Sections 2 to 6 (total 500 m) was used for analysis

q 7 consecutive 100 m sections between -2 and 2% Level
Sections 2 to 6 (total 500 m) was used for analysis

o 6 consecutive 100 m sections between 3 and 15% Unhill
Sections 2 to 6 (total 500 m) was used for analysis P
8 consecutive 100 m sections between -15 and -3%

f Excluded

This is the second segment of the condition “downhill”
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APPENDIX IV

Knee-point detection algorithm to detect plateau of ICC

The knee-point detection algorithm was adopted from the knee_pt() function developed by
Dmitry Kaplan.*®® In short, the bisection point which minimized the sum of errors between
two best fit lines (fitting all data points on the left and right of the bisection point) is

considered the ‘knee point’.

Axial PTA

0 50 100 150 200 250 300 350

Resultant PTA

0.9
0.8
0.7
URs S0 100 150 200 250 300 350

Bisection point: 36 for axial PTA and 83 for resultant PTA.
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APPENDIX V

Correction algorithm for restoring clipped signals

The correction algorithm was adopted from Ruder et al.’s study.”

The algorithm is described in steps with reference to the figure below, as follows:

1.
2.

The correction algorithm is applied to each axis (x-, y- and z-axis) separately.

The clipped portion of the raw signal (solid lines) is identified by consecutive data
points (minimum: 2) with the value +15.985 g (flat portions of the solid lines).

Three data points before and after the clipping (solid black dots) are used for
reconstruction of the signal by 5th order spline interpolation with MATLAB functions:
spapi() and fnval().

The magnitude of the peak/trough within the reconstructed portion is assessed. The
reconstructed signal is rejected if the magnitude is within a pre-set range (i.e., £16 g).
If the magnitude of the peak/trough is outside of the range, reconstruction is considered

successful. The clipped portion is replaced with the reconstructed signal (dotted line).
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APPENDIX VI

Running route used for outdoor field-based assessment

The map and elevation profile of the 5-km route can be accessed online:?%°

https://onthegomap.com/s/vi7grik3
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The running course used for the outdoor field-based assessments is made up of 3 sections and

the runner completed the sections in the order: A>B>C>A>C.

Section Gradient (%), min Gradient (%), max Length (m)
A -7.32 -0.64 800
B -0.87 0.75 1600
C 0.64 7.32 800
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https://onthegomap.com/s/vi7grjk3

Section A: Downhill; length: 0.8 km; average grade -3.2%
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Section C: Uphill; length: 0.8 km; average grade +3.2%
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