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Abstract

Background Inertial measurement units (IMUs) are used for running gait analysis in a variety of sports. These sensors have
been attached at various locations to capture stride data. However, it is unclear if different placement sites affect the derived
outcome measures.

Objective The aim of this systematic review and meta-analysis was to investigate the impact of placement on the validity
and reliability of IMU-derived measures of running gait.

Methods Online databases SPORTDiscus with Full Text, CINAHL Complete, MEDLINE (EBSCOhost), EMBASE (Ovid)
and Scopus were searched from the earliest record to 6 August 2020. Articles were included if they (1) used an IMU during
running (2) reported spatiotemporal variables, peak ground reaction force (GRF) or vertical stiffness and (3) assessed valid-
ity or reliability. Meta-analyses were performed for a pooled validity estimate when (1) studies reported means and standard
deviation for variables derived from the IMU and criterion (2) used the same IMU placement and (3) determined validity at
a comparable running velocity (<1 m-s~! difference).

Results Thirty-nine articles were included, where placement varied between the foot, tibia, hip, sacrum, lumbar spine (LS),
torso and thoracic spine (TS). Initial contact, toe-off, contact time (CT), flight time (FT), step time, stride time, swing time,
step frequency (SF), step length (SL), stride length, peak vertical and resultant GRF and vertical stiffness were analysed.
Four variables (CT, FT, SF and SL) were meta-analysed, where CT was compared between the foot, tibia and LS place-
ments and SF was compared between foot and LS. Foot placement data were meta-analysed for FT and SL. All data are
the mean difference (MD [95%CI1]). No significant difference was observed for any site compared to the criterion for CT
(foot: —11.47 ms [—45.68, 22.74], p=0.43; tibia: 22.34 ms [— 18.59, 63.27], p=0.18; LS: —48.74 ms [— 120.33, 22.85],
p=0.12), FT (foot: 11.93 ms [— 8.88, 32.74], p=0.13), SF (foot: 0.45 step~min‘1 [-1.75, 2.66], p=0.47; LS: —3.45
step~min‘1 [—16.28,9.39], p=0.37) and SL (foot: 0.21 cm [—1.76, 2.18], p=0.69). Reliable derivations of CT (coefficient
of variation [CV]<9.9%), FT (CV < 11.6%) and SF (CV <4.4%) were shown using foot- and LS-worn IMUs, while the CV
was < 7.8% for foot-determined stride time, SL and stride length. Vertical GRF was reliable from the LS (CV=4.2%) and
TS (CV =3.3%) using a spring-mass model, while vertical stiffness was moderately (r=0.66) and nearly perfectly (r=0.98)
correlated with criterion measures from the TS.

Conclusion Placement of IMUs on the foot, tibia and LS is suitable to derive valid and reliable stride data, suggesting meas-
urement site may not be a critical factor. However, evidence regarding the ability to accurately detect stride events from the
TS is unclear and this warrants further investigation.
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Practitioners may attach inertial measurement units to
the foot, tibia and lumbar spine to accurately and reliably
derive stride variables during running.

The computational method for gait event detection may
be more critical to validity and reliability than the attach-
ment location itself.

These findings may open opportunities for practitioners
to use inertial measurement units to analyse the gait pat-
terns of athletes in a variety of running-based sports.

1 Introduction

It is common practice to quantify the activities performed by
athletes, or external load, to plan and monitor training and
competition load [1]. Tracking technology, such as video-
based systems, global positioning systems (GPS) and local
positioning systems (LPS), measure athlete displacement
and calculate velocity and acceleration [2-5]. However,
due to its low sampling frequency (e.g. 10 Hz), GPS is lim-
ited in its ability to accurately capture changes in velocity
or high-speed movements over short distances and when
movements are nonlinear, such as changes of direction [6-8].
Although LPS (1000 Hz) sample at a higher rate than GPS,
neither technology can account for non-locomotor activity,
such as impacts or collisions [9-12]. To overcome some of
the limitations of GPS and LPS, inertial measurement units
(IMUs), comprising accelerometers, gyroscopes and mag-
netometers, can provide additional information on athlete
activity profiles [13, 14].

Triaxial accelerometers measure acceleration in the anter-
oposterior, mediolateral and vertical axes and typically cap-
ture data between 100 and 1000 Hz [13, 15, 16]. Gyroscopes
and magnetometers measure device orientation and direc-
tion, respectively [17]. Accelerometers have been used for
quantifying daily physical activity and estimating energy
expenditure [18-22] and their use is now common in ath-
letes [11, 12, 23-25]. Accelerometer-derived metrics, such
as PlayerL.oad™, provide an indication of the global external
load from the summation of instantaneous rate of change of
acceleration in the anteroposterior, mediolateral and vertical
axes [15, 26]. However, PlayerLoad™ is a relatively gross
measure that does not offer insight into discrete movements,
such as stride variables. Instead, patterns in the signals of
IMUs can be explored to identify foot contacts to calculate
different stride variables, which may help in understanding
the way in which athletes produce a given load [27, 28].

The detection of gait events, such as initial contact (IC)
and toe-off (TO), is possible using accelerometer and gyro-
scope data [29-31]. Identifying these key events allows for
the calculation of spatiotemporal parameters, including con-
tact time, flight time, step and stride times, step frequency
and step and stride lengths [30, 32-35]. The acceleration
signal from IMUs may also be used to estimate ground
reaction forces (GRFs) and vertical stiffness to describe the
impact forces experienced by athletes and their ability to
absorb force during running [36—40]. Deriving stride vari-
ables is important for evaluating an athlete’s gait pattern
and may help to inform injury mitigation and performance
enhancement strategies [41]. However, device placement
may influence the derived outcome measures and should be
considered when using IMUs to capture stride data [42, 43].

Placement of IMUs for analysis of running gait can vary
between the foot [30, 34, 44], distal and mid tibia [13, 31,
40], lumbosacral region [30, 32, 33] or thoracic spine [37,
39, 43]. Given accelerometers measure acceleration of the
segment to which they are attached, there are some poten-
tial issues associated with placement on the upper body to
measure accelerations occurring at the lower limb and derive
valid and reliable stride data [42]. Attachment location is an
important consideration due to signal attenuation, whereby
acceleration magnitudes dissipate from the foot to the torso
during ground contact in running [45-47]. Although secur-
ing IMUs to the foot may provide the most accurate deriva-
tions of stride variables [16, 34, 35], this site may not be
practical in some sports (such as those that involve kicking),
while other work has noted the potential for injury in contact
sports using IMUs attached to the tibia [44]. Given IMUs
have been utilised at various sites for the analysis of running
gait in the literature, it is important to understand if IMU
placement affects the derived outcome measures. This may
help inform practitioners which attachment location is most
appropriate for deriving valid and reliable stride data based
on the constraints of the sport they work in. Therefore, the
aim of this systematic review and meta-analysis is to report
on the validity and reliability of inertial sensors to calculate
spatiotemporal variables, GRF and vertical stiffness during
running with respect to sensor placement.

2 Methods
2.1 Systematic Review Protocol

The protocol for this systematic review was registered on
PROSPERO and can be accessed at https://www.crd.york.ac.
uk/prospero/display_record.php?ID=CRD42020160325. All
procedures were performed in accordance with the PRISMA
guidelines [48].
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2.2 Eligibility Criteria

Articles were eligible for inclusion in this systematic review
if they (1) were published in English (2) used an accelerom-
eter, gyroscope or a combination of both technologies (3)
had participants jog, run or sprint during data collection (4)
reported at least one of the following outcome variables: IC,
TO, contact time, flight time, step time, stride time, swing
time, step frequency, step length, stride length, peak verti-
cal or resultant GRF or vertical stiffness and (5) assessed
validity or reliability.

2.3 Search Strategy

Keywords in the title and abstract of records, combined with
the relevant subject heading terms, such as Medical Subject
Headings (MeSH), were systematically searched in SPORT-
Discus with Full Text, CINAHL Complete, MEDLINE
(EBSCOhost), EMBASE (Ovid) and Scopus from the earli-
est record up until 6 August 2020. The following keyword
search string was used in each electronic database (which is
also detailed in Supplementary Information Appendix S1,
Table S1):

(jog* OR run* OR sprint*) AND (acceleromet* OR
"global positioning system" OR GPS OR gyroscope* OR
IMU OR inertial* OR microtechnolog* OR “wearable sen-
sor’”) AND (acceleration* OR event* OR fatigue* OR force*
OR GRF OR kinematic* OR kinetic* OR parameter* OR
reliab* OR stance OR step* OR stiff* OR stride* OR strike*
OR temporal OR valid*).

2.4 Study Selection

Search results were exported to reference management soft-
ware EndNote X9.3.3 (Clarivate Analytics, Philadelphia,

USA) where duplicates were removed. Two authors (BJH
and PJT) then independently screened the title and abstract
of each record in the Rayyan web-based systematic review
tool (available at http://www.rayyan.qcri.org). The full text
of potentially eligible articles was retrieved and one author
(BJH) performed a final eligibility assessment, which was
later checked by a second author (PJT). Discrepancies in
article selection were resolved by a third author (SJC). The
reference lists of all retrieved articles were also examined
to determine any other articles that may be relevant to the
review.

2.5 Data Extraction

Data relating to participant characteristics (age, body mass,
height and activity level), sensor specifications (brand,
model, range and sampling frequency), sensor location (foot,
distal/mid tibia, hip, sacrum, lumbar and thoracic spine),
criterion used for validity (brand, model and sampling fre-
quency), running activity performed (number, duration or
distance of runs, velocity), outcome variables analysed (tem-
poral, spatial, GRF and vertical stiffness) and measures of
validity and reliability were extracted from each included
study. Definitions for the variables analysed in this review
are presented in Table 1. Running velocity, temporal and
spatial variables and GRF are reported in metres per second
(m's™!), milliseconds (ms), centimetres (cm) and Newtons
(N), respectively. Where included studies did not report
results in the aforementioned units, values were converted
to enable better comparison between studies.

2.6 Assessment of Methodological Quality
The methodological quality of each included study was

assessed using a modified assessment scale of Downs and
Black [49]. Of the 27 criteria, the most relevant to the study

Table 1 Definitions of stride
variables

Variable

Definition

Initial contact
Toe-off

Contact time
Flight time

Step time

Stride time
Swing time

Step frequency
Step length
Stride length
Ground reaction force
Vertical stiffness

The time instant when the foot initiates contact with the ground [34]
The time instant when the foot ends contact with the ground [34]

Time between initial contact to toe-off of each foot [32, 37]

Time between toe-off and initial contact of the contralateral foot [37]
Time between initial contacts of the contralateral foot [32]

Time between initial contacts of the same foot [32, 54]

Time between toe-off to initial contact of the same foot [29]

Number of ground contact events per minute [35]

Length or distance between initial contacts of the contralateral foot [35]
Length or distance between initial contacts of the same foot [65]

The force the ground exerts on the body during foot—ground contact [92]

The quotient of maximum ground reaction force and centre of mass
displacement [96]
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designs included in this review were applied, which is con-
sistent with other reviews [50, 51]. Each study was therefore
assessed for quality of reporting (1-4, 6, 7 and 10), external
validity (11 and 12) and internal validity bias (16, 18 and
20) based on 12 criteria. The criteria were evaluated as yes,
no or unclear, with the score out of 12 determined from the
number of items that were answered yes.

2.7 Data Analysis

The values of validity and reliability for each stride variable
are presented in the tables below and included throughout
Sect. 3.4.

2.7.1 Meta-analysis

Meta-analyses were performed when there were at least two
studies that (1) reported means and standard deviation (SD)
for stride variables calculated from IMUs and reference sys-
tems (2) used the same IMU attachment site and (3) assessed
validity at a comparable running velocity (<1 m-s~! differ-
ence). Authors that did not include absolute mean + SD val-
ues for the computed stride variables were contacted to gain
the additional data. Raw outcome data were not obtained for
22 studies and were thereby ineligible for inclusion in any
meta-analysis [31, 32, 34, 37, 38, 40, 43, 52-66]. Where
there were multiple effects reported for different running
velocities from a single study, data were aggregated so only
a single effect was included in the meta-analysis [67]. How-
ever, when validity was assessed using IMUs from two dif-
ferent manufacturers [35] or criterion measures [29, 68] in
a single study, effects were treated independently and both
were included in the meta-analysis. Data pertaining to cri-
terion validity were pooled from studies that used different
reference measurement systems. Specifically, effects were
pooled from studies that used motion capture [29], force
plates [30, 69, 70], high-speed camera [16, 35, 68] and pho-
tocell systems [68, 71, 72]. This approach was used due to
the limited number of studies with comparable methodolo-
gies and previous work demonstrating that optical timing
and motion capture systems and force plate systems are all
considered as criterion methods for gait analysis [73-75].

Where there were sufficient data to group effects based
on eligibility criteria, meta-analyses were performed using
random-effects models with the Meta statistical package in
R software (version 3.6.3, R Foundation for Statistical Com-
puting) to produce a pooled estimate of the mean difference
(MD) in absolute units [76]. When studies could be pooled
based on different IMU attachment sites for the same vari-
able, subgroup analysis was performed to test whether place-
ment differs in terms of their effects, with the significance
level set at p <0.05 [77].

The level of statistical heterogeneity was quantified by
calculating the I statistic [78]. Statistical heterogeneity was
considered low (> <25%), moderate (I>=25-49%) or hi gh
(*>50%) [78]. When I* was high (I* > 50%), leave-one-out
analysis was performed to determine the studies that contrib-
uted most to heterogeneity and had a high influence on the
overall effect [79]. Moderator analysis was also conducted
to determine how much the criterion measure contributed to
the observed variability of effect sizes between studies [80].
Where the criterion does not have a significant moderating
effect, heterogeneity may be attributable to an unidentified
source [80]. A meta-regression model was applied to the
moderator analysis using the metareg function in R software
[81]. Statistical significance was set at p < 0.05.

Effect sizes and their respective confidence intervals (CI),
along with the overall MD for pooled effects, were visualised
as forest plots [82]. In forest plots, studies are represented
by a point estimate, bounded by a 95% CI for the effect [82].
The summary effect (MD) is symbolised by the polygon at
the bottom of the plot [82]. The width of the polygon indi-
cates the 95% CI. Studies that exhibit larger squares contrib-
ute more to the summary effect (MD) compared to studies
with smaller squares [82].

3 Results
3.1 Study Identification and Selection

A total of 4,654 records were identified through the data-
base searches. An additional three articles were included
through reference list searches. Following deduplication,
title and abstract screening and a thorough full-text screen
of each record, 39 studies met the eligibility criteria and
were included in the review [16, 29-40, 43, 52-66, 68-72,
83-87]. An outline of this process using the PRISMA flow
diagram is presented in Fig. 1.

3.2 Study Characteristics

A summary of the characteristics of each study is presented
in Table 2. A total of 657 participants were included across
39 studies (mean+ SD 16.8 +10.2), where the popula-
tions sampled included healthy active adults (n=15 stud-
ies), recreational/amateur (n=12) and high-level runners
(n=5), team-sport athletes (n=06), elite track and field ath-
letes (n=1) and triathletes (n=1). Sensor placement varied
between foot [16, 30, 34, 35, 52, 56, 59, 60, 65, 69, 71, 85],
distal and mid tibia [29, 31, 40, 58, 60, 62, 69, 70, 84], hip
[66], sacrum [32, 57], lumbar spine [30, 33, 38, 64, 68, 69,
72, 83], torso [53] and thoracic spine [36-39, 43, 54, 61,
86]. Two studies used multiple sensors and a combination
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Fig. 1 Flow chart of study selection process

of placements to derive stride variables [55, 87]. Validity
was assessed using force plate systems (n=17) [31, 33, 36,
3840, 43, 54, 55, 57-59, 61, 62, 66, 69, 70], optical motion
capture (n=7) [29, 32, 52, 55, 64, 65, 85], instrumented
treadmill (n=7) [30, 34, 37, 53, 56, 60, 87], high-speed
camera (n=4) [16, 33, 35, 68], photocell systems (n=23) [68,
71, 72], foot-mounted accelerometer (n=1) [83], in-shoe
piezo-electric force sensitive resistors (FSRs) (n=1) [63]

and different stride time calculation methods (n=1) [84]
as criterions. Reliability was assessed in nine studies [16,
38, 40, 43, 59, 68, 71, 83, 86]. Contact time was the most
commonly reported variable (n=16) [16, 29, 30, 32-35,
37,52,53,62,68-71, 83], while six studies derived spatial
data (step length and stride length) from accelerometers and
gyroscopes [35, 52, 65, 71, 72, 85]. Eleven studies estimated
peak vertical and resultant GRF [36, 38—40, 43, 55-57, 61,
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Table 2 (continued)

Sample (age, mass,  Sensor Hardware Sensor placement Criterion Activity Variable(s) Meth-

height)

Study

odological
quality

10/12

5% 10 m runs in Vertical and result-

In-ground force

Triaxial accelerome- Thoracic spine (T2)

Accelerometer (SPI

12 male and 5

Wundersitz et al.

ant ground reac-
tion force

a straight-line

plate (BP600900,

Advanced

ter (+8 g) sampled

Pro, ASP00725,
at 100 Hz

GPSports, Can-

female team-sport
athletes (21 +2

[36]

(54+04ms™
and 5X 10 m

Mechanical

berra, Australia)

y, 78.2+11.6 kg,

angled runs at 45°
(4.8+0.4 ms™,

90°

Technology Inc.,

1.82+0.08 m)

Watertown, MA,

USA) sampled at

100 Hz

4.1+03ms™
and 180°

3.5+03ms™h
10 runs at 2-3 m's~', Stride length

9/12

Motion capture

IMU (miPod sensor) Triaxial accelerom-  Foot (midsole)

21 male and 6

Zrenner et al. [65]

10 runs at

system (Vicon

eter (+16 g) and
triaxial gyroscope

female amateur

3-4m's~!, 15 runs

Motion Systems

runners (24.9+2.4
y, 178. 6+8.0 cm)

at4-5msL, 15

Inc., Oxford, UK)
sampled at 200 Hz

(+2000°s™") sam-

runs at 5-6 m's™!

pled at 200 Hz

°s~! degrees per second, cm centimetres, g gravitational acceleration, Hz hertz, IMU inertial measurement unit, kg kilograms, m metres, m’° metres squared, m-s~' metres per second, mm mil-

limetres, s seconds, y years

66, 87], whereas three studies used accelerometers to derive
vertical stiffness [37, 38, 86].

3.3 Methodological Quality

Based on the number of criteria that were answered yes, the
methodological quality of included studies ranged from 7
to 10 out of 12, with a mean score of 9 out of 12 (see Sup-
plementary Information Appendix S1, Table S2). Out of the
39 studies, 24 did not include p-values alongside validity or
reliability outcomes [29-34, 37-40, 53, 55, 56, 58, 59, 61,
63-66, 72, 83, 84, 86], two studies did not clearly report
subject characteristics [33, 63], while another study did not
provide a description of the running protocol used for assess-
ing validity [60]. Five studies scored a yes for detailing the
source population from which subjects were recruited [31,
60, 83, 86, 87], whereas this was unclear in the remaining
studies.

3.4 Stride Variables

The results for each stride variable examined in this review
are described in the following sections.

3.4.1 Initial Contact

Validity outcomes for the detection of IC using IMUs secured
to the foot, distal and mid tibia and lumbar spine are presented
in Table 3. Mean relative differences (— 16.0 to 3.3 ms) and
estimation errors (— 6.0 to 4.3 ms) were generally low for foot
placement [30, 52, 69], while another study reported IC could be
detected with a precision (median + inter-quartile range [IQR])
of 2.0+ 1.0 ms from a foot-mounted IMU [34]. Contrasting
results were evident for placement on the tibia. Using only the
angular velocity signal from a gyroscope, errors were as high
as 64.2 ms compared to motion capture in one study [29], while
another study detected IC from gyroscope data with an absolute
mean error of 13.0+6.0 ms to that of a force plate [70]. The
mean relative difference (—38.0+10.7 ms) was greater than
that observed for the foot using tibial acceleration data [69],
while other studies showed improved validity for determining
IC from tibia-mounted IMUs compared to force plate meas-
ures MD=-0.5+0.3 ms, mean bias=—2.3+4.7 ms, mean
error =1.68 ms) (see Table 3) [31, 58, 62]. In another study
using tibia-mounted accelerometers, IC was detected with an
accuracy of F'; =0.92-0.96 compared to those events determined
from in-shoe piezo-electric FSRs [63]. The F score is a measure
of a test’s accuracy, where an F; score of 1 reflects perfect preci-
sion and recall [88]. Detection of IC was slightly earlier (4.7 ms)
at 3.3 m-s~! from a lumbar spine-mounted IMU compared to
the foot, but 2.4 ms slower at 4.1 m-s~! [69]. The largest differ-
ence from force plate-identified IC was 53.0 ms for the lumbar
spine [30].
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Table 3 Validity summary statistics for initial contact

Study Sensor Criterion Site Running velocity ~ Statistic 1 Statistic 2
m-s~'+SD
Chew et al. [52] IMU (Opal, APDM  Motion capture Foot 2.2 ME £ SD (ms) RMSE (ms)
Inc.) system 2.5 —-2.6+12.8 4.7
2.8 -6.0+14.1 53
3.1 43+179 8.3
3.0+14.1 4.7
Falbriard et al. [34] IMU (Physilog 4, Instrumented tread- Foot 2.8-5.6 Median bias+IQR  Median preci-
Gait Up, Switzer- mill (ms) sion+IQR (ms)
land) 11.0+10.0 20+1.0
Mo and Chow [69] IMU (MyoMO- Force plate Foot 3.1+0.1 MRD + SD (ms) MAD + SD (ms)
TION MR3, 4.1+12 -73+33 52+34
Noraxon, USA) 3.3+4.7 42+4.7
Benson et al. [30] Accelerom- Force plate Foot 33 MD (ms) 95% LoA (ms)
eter (Shimmer3®, -16.0 —-58.0,27.0
Shimmer Inc.,
Dublin, Ireland)
Mitschke et al. [59]  Accelerom- Force plate Heel 3.5+0.1 MD (ms)
eter (ADXL278, 0.7+£2.6
Analog Devices
Inc., Norwood,
MA, USA)
Sinclair et al. [62] Accelerometer Force plate Tibia 4.0 ME (95% CI) (ms)  AE (95% CI) (ms)
(Biometrics ACL 1.7 (=2.9,6.3) 5.5(1.9,9.0)
300, UK)
Tan et al. [63] Accelerom- In-shoe piezo-elec-  Tibia Not reported F, score
eter (Shimmer3®, tric force sensitive 0.92-0.96
Shimmer Inc., resistors
Dublin, Ireland)
McGrath et al. [29] IMU (Shimmer, Motion capture sys- Tibia 2.2 True error (ms) % error
Shimmer Inc., tem Hreljac and Marshal 3.3 334 0.8
Dublin, Ireland) 24.1 0.5
IMU (Shimmer, Motion capture Tibia 2.2 True error (ms) % error
Shimmer Inc., system Zenietal., 3.3 64.2 1.5
Dublin, Ireland) 61.7 1.4
Mitschke et al. [58] IMU (ICM-20601,  Force plate Tibia 326+04 MD (ms)
InvenSense, San 11.5+4.2
Jose, CA, UDA)
(Sinclair et al.
[62])
IMU (ICM-20601,  Force plate Tibia 326+04 MD (ms)
InvenSense, San —-1.1+£10.7
Jose, CA, UDA)
(Mercer et al.
2003)
IMU (ICM-20601,  Force plate Tibia 3.26+0.4 MD (ms)
InvenSense, San —-05+03
Jose, CA, UDA)
(Maiwald et al.
2015)
IMU (ICM-20601,  Force plate Tibia 326+04 MD (ms)
InvenSense, San —-5.1+3.0
Jose, CA, UDA)
(Sabatini et al.
2005)
Mo and Chow [69] IMU (MyoMO- Force plate Tibia 3.1+0.1 MRD =+ SD (ms) MAD +SD (ms)
TION MR3, 4.1+12 —38.0+10.7 19.5+6.5
Noraxon, USA) —-16.7+£11.9 174+11.0
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Table 3 (continued)

Study Sensor Criterion Site Running velocity Statistic 1 Statistic 2
m-s™' +SD
Aubol and Milner Accelerometer Force plate Tibia 3.0+0.2 Mean bias (ms) 95% LoA (ms)
[31] (Model 356A45, —-23+4.7 -6.8,11.5
PCB Piezotronics,
Depew, NY)
Fadillioglu et al. Gyroscope Force plate Tibia Moderate AME +SD (ms) RAME +SD (%)
[70] (ADXRS652, Fast 10.0+4.0 34+14
Analog Devices 13.0+6.0 5.5+2.7
Inc., Norwood,
MA, USA)
Winter et al. [64] Accelerom- Motion capture Lumbar spine  Self-paced TEE (ms) Pearson’s r
eter (ADXL202, system 0.8 0.99

Analog Devices
Inc., Norwood,

MA, USA)
Mo and Chow [69] IMU (MyoMO- Force plate Lumbar spine  3.1+0.1 MRD + SD (ms) MAD +SD (ms)
TION MR3, 41+1.2 —-2.6+4.9 9.0+2.0
Noraxon, USA) 57+5.0 6.2+4.6
Benson et al. [30] Accelerom- Force plate Lumbar spine 3.3 MD (ms) 95% LoA (ms)
eter (Shimmer3®, 53.0 24.0, 82.0

Shimmer Inc.,
Dublin, Ireland)

Negative values represent a time lead in the detection of initial contact by the IMU compared to the criterion. Velocity reported with or with-
out=+ SD, depending on the method used in each study. A velocity range is presented for Falbriard et al. [34] as validity outcomes were reported

from pooled speeds. Values converted to milliseconds where required

AE absolute error, AME absolute mean error, CI confidence interval, F; score weighted average of precision and recall, IMU inertial measure-
ment unit, /QOR inter-quartile range, LoA limits of agreement, MAD mean absolute difference, MD mean difference, ME mean error, MRD mean
relative difference, ms milliseconds, m-s~! metres per second, RAME relative absolute mean error, RMS root mean square error, SD standard

deviation, TEE typical error of the estimate

3.4.2 Toe-off

Table 4 documents the validity statistics from studies that
determined the accuracy of IMUs to detect TO. Between
2.2 and 4.1 m-s~!, the mean relative difference and esti-
mation errors for the detection of TO from foot-mounted
IMUs ranged from —53.8 to 32.0 ms and —4.3 to 16.3 ms,
respectively [30, 52, 69]. Errors up to —32.4 ms were shown
using a gyroscope attached to the tibia [29], while another
study using angular velocity data from the tibia showed TO
was determined after force plate detection (absolute mean
error >23.0 ms) [70]. Smaller mean absolute and relative
differences were observed for determining TO from tibial
acceleration data (< 8.8 ms and < 1.0 ms, respectively) [69],
while TO was detected with an accuracy of F;=0.77-0.86
from accelerometers secured to the distal tibia when in-
shoe piezo-electric FSRs were the criterion [63]. A time
lag of 7.6-24.0 ms was present for the detection of TO from
an IMU secured to the lumbar spine compared to values
obtained from a force plate [30, 69].

3.4.3 ContactTime

Validity outcomes reported from studies using placement
on the foot, tibia, lumbar spine, torso and thoracic spine to
derive contact time are presented in Table 5. The concur-
rent validity of an IMU fixed to the foot showed a deviation
to high-speed camera measures between —3.3 and —0.1%,
a mean bias between —5.6 and 0.4 ms and intraclass cor-
relation coefficient (ICC) values as high as 0.97 for contact
time across velocities of 4.3+0.7 m-s~', 6.2+0.7 m-s~! and
8.0+ 1.6 m-s~! [16]. When a photocell system was the cri-
terion, ICC values were as low as 0.1 at 5.6 m-s~! using a
foot placement [71]. Pearson correlation analysis showed a
large agreement (r=0.96) between a tibial accelerometer
estimate of contact time and force plate [62], whereas con-
trasting results were evident for contact time calculated from
gyroscope data (see Table 5) [29, 70]. True error and ICC
outcomes were > 63.4 ms and < 0.32, respectively, compared
to motion capture [29], whereas differences to force plate
were smaller (> —12.0 ms) in another study using angular
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Table 4 Validity summary statistics for toe-off

Study Sensor Criterion Site Running velocity Statistic 1 Statistic 2
m-s~'+SD
Chew et al. [52] IMU (Opal, APDM  Motion capture Foot 2.2 ME £ SD (ms) RMSE (ms)
Inc.) system 2.5 33+£209 9.0
2.8 16.3+16.7 11.1
3.1 -43+15.0 7.6
2.6+19.5 11.0
Falbriard et al. [34] IMU (Physilog 4, Instrumented tread- Foot 2.8-5.6 Median bias+IQR  Median preci-
Gait Up, Switzer- mill (ms) sion+IQR (ms)
land) -4.0+7.0 4.0+2.0
Mo and Chow [69] IMU (MyoMO- Force plate Foot 3.1+0.1 MRD +SD (ms) MAD + SD (ms)
TION MR3, 41+£12 —-32.0x14.1 25.0+7.5
Noraxon, USA) —53.8+8.1 27.6+7.6
Benson et al. [30] Accelerom- Force plate Foot 33 MD (ms) 95% LoA (ms)
eter (Shimmer3®, 32.0 —84.0, 148.0
Shimmer Inc.,
Dublin, Ireland)
Sinclair et al. [62] Accelerometer Force plate Tibia 4.0 ME (95% CI) (ms)  AE (95% CI) (ms)
(Biometrics ACL —-3.6(-54,1.8) 5.0(3.5,8.5)
300, UK)
Tan et al. [63] Accelerom- In-shoe piezo-elec-  Tibia Not reported F, score
eter (Shimmer3®, tric force sensitive 0.77-0.81
Shimmer Inc., resistors
Dublin, Ireland)
McGrath et al. [29] IMU (Shimmer, Motion capture sys- Tibia 2.2 True error (ms) % error
Shimmer Inc., tem (Hreljac and 3.3 —-32.4 0.7
Dublin, Ireland) Marshal [89]) —28.8 0.8
IMU (Shimmer, Motion capture Tibia 2.2 True error (ms) % error
Shimmer Inc., system (Zeni et al. 33 -15.1 0.7
Dublin, Ireland) [90]) —-24.2 0.7
Mo and Chow [69] IMU (MyoMO- Force plate Tibia 3.1+0.1 MRD + SD (ms) MAD +SD (ms)
TION MR3, 41+1.2 0.0+4.1 5.1+2.1
Noraxon, USA) 1.0+£7.8 8.8+3.7
Fadillioglu et al. Gyroscope Force plate Tibia Moderate AME £ SD (ms) RAME +SD (%)
[70] (ADXRS652, Fast 26.0+20.0 8.0+4.8
Analog Devices 23.0+23.0 9.4+8.8
Inc., Norwood,
MA, USA)
Winter et al. [64] Accelerom- Motion capture Lumbar spine  Self-paced TEE (ms) Pearson’s r
eter (ADXL202, system 0.8 0.99
Analog Devices
Inc., Norwood,
MA, USA)
Mo and Chow [69] IMU (MyoMO- Force plate Lumbar spine  3.1+0.1 MRD =+ SD (ms) MAD +SD (ms)
TION MR3, 4.1+1.2 7.6+9.9 152+5.0
Noraxon, USA) 9.4+12.7 20.3+8.2
Benson et al. [30] Accelerom- Force plate Lumbar spine 3.3 MD (ms) 95% LoA (ms)
eter (Shimmer3®, 24.0 —-15.0, 63.0

Shimmer Inc.,
Dublin, Ireland)

Negative values represent a time lead in the detection of toe-off by the IMU compared to the criterion. Velocity reported with or without+SD,
depending on the method used in each study. A velocity range is presented for Falbriard et al. [34] as validity outcomes were reported from
pooled speeds. Values converted to milliseconds where required

AE absolute error, AME absolute mean error, CI confidence interval, F; score weighted average of precision and recall, IMU inertial measure-
ment unit, /QR inter-quartile range, LoA limits of the agreement, MAD mean absolute difference, MD mean difference, ME mean error, MRD
mean relative difference, ms milliseconds, m-s~/ metres per second, RAME relative absolute mean error, RMSE root mean square error, SD
standard deviation, TEE typical error of the estimate



1465

Impact of IMU Placement on Stride Variable Validity and Reliability

(puepaag
L9l 7'e9— 0€0 ‘urqnq “-ouf [62]
[ay! 99— €0 009F006E O TISFOOSY (3 ([68] reysrey Jowuiyg 'l
10119 9 (sur) JOIId ani], DDI 00ZF00rr 00EF006E 7T eIqQL], pue oefjory) wsks armded uonoy  ‘rewrwiyS) NINI - PeIDON
GIn
61 T8 ST ‘00€ 1OV [29]
(sur) 960 (TO1°60) TS— soLnoworg) e
(ID %$6) AV - s uosIesq (sw) (1D %S6) AN 9¥'061 0¢°681 (a4 BIQLL a)e[d 9010,{  JOJOWIOIR[ODY  IIR[OUIS
(¥Vsn ‘00
091F0¢61— Jop[nog duf
(sur) pAng ‘10w
HYFse1q oyl — 5450 S 80 (€6'0 ‘62°0) 18°0 -19m0d pANS
OURWASAS (sw) AN (%) AN -4 s uosread (ID%S6) DD1  0'8TFO'LIT  0TTFO0'EST yoFee Jooq BIOWED PAAS-YSIH  ‘wiPANS) NIAL
(vsn ‘v
00SIOuRI{ [s€]
091F09— ueg "oup 'R
(sur) Qe 9qLIds sof[t
qHYFse1q 09— #%£C €8°0 (#6°0 ‘08°0) 06°0 ‘WiPqLOS -uld
oeWASAS (sw) QN (%) AN - s uosIedq (ID%S6) DO 0'8TFO'L9T  0'8TFO'19T yOFEE 1004 eIoued paads-ysTH Suny) NI -eloreD
(pueary
‘urqnq “-ouf
oy [og]
0¥ST ‘065 — 0Ly ‘pErouuIys) el
(Sw) Vo1 %$6 W) AN ¥'STF90LT  STFFI0CE (3 1004 a)e[d 2010,{  IOJOWOIN[EY  UOSUIY
(vsn
YOIFTYE €Y+99C #VL'0 96+09S— ‘UOXBION [69]
STIFE6C 8YF6 11 %880 SYIFLYC— OLFOCIT O0€CIF06SI TIFIY ‘€JIN NOLL Moyn
(sw) aSFAVIN a% -4 s uosIesd (SW) ASFAAN  00IF0€EST  0€TF08LT T0FI¢ 1004 ajed 22104 -QNOAIN) NINT ~ Pue O
(¥Vsn ‘0o [12]
‘Iop[nog “-ouy e
09F0GLT CEFCCLI pAng ‘rojour so[t
#%99°0—80°0 9%'0—90°0 0} 0} -10m0g pAng -uld
4 s uosresd D01 08CF00re SIIFSIIE 9°6-CT 1004 wWalsAs [[200J0Ud  ‘wiPANS) NNI  -BIoIRD
0¢€F0¢ (pueprozIMG (€l
(sur) YOI F uots 0CIF0S1— ‘dnen y e
-wo1d ueIpaly  (swr) YOI Fseiq ueipd]y  payiodorjoN  parrodarjoN 96-8°C 100 [[wpear) payuownnsu]  So[sAyd) NINI - prelqreq
001 STFI8—
I'6 I'eF18— e
76 €CFT8— 8¢ [zs]
8L T9FI19— 4 (oul INAdV e
(sw) SN (sw) qSFHN pomodarjoN  pertodarjoN T 100 woIsAs amydes uono ‘TedO) NN '%lie)
(pue[IzIMg
‘lorg ‘saoud
¥0 -1og porddy
L9FT10- L0o— (68°0 °$9°0) 18°0 Jo KyiszoAtun)
T9FS0— %9'6— (860 °C6°0) 960 06FSLIT  9TIFEQII 91F0'8 ‘qerjolonu [o1]
0SFee— (sur) (660 °T6'0) L6'0  €0TF¥LYL 6 0TFSSHI L0FT9 -HONH ‘Teom LR
d% selq onewaIskg (ID%S6) DD1  €YEFIP6l  L1TFSG8T LOFEY 1004 eIoued paads-ysTH -LdVd) NI uuewwy
sw sw gSF _suw
s F ueowr s F ueowr Ky1oofoa
G onsneIs ¥ onsnelg € onsnels  onsnelsg [ onsneIs UOLIdILID 10SUQS Suruuny g UOLIANID I0SUQS Apms

qwi) 10BIUOD J0J SOnsne)s Arewwins AJpIfeA G d|qel



B.J. Horsley et al.

1466

(vsn
SLFLSI LEFLS %680 ITI+9Y ‘UOXBION [69]
LY+661 8IF¢9 *£8°0 68F¢01 0°LF0SIT 08IF00CC TIFIY ‘€N NOIL moyn
(sw) aSFAvin a% 4 S U0SIBI] (Sw) ASFAYN  00IFOEST  OSIFOE9e  10FI'¢ ouds requny aie[d 20104  -OIOAIN) NNT Pue O
=0'€e— 091 L0 (pueroz
*0CE— L'yl €90 O0CIFOELL 091F0911 8¢ -IIMS ‘oIS
*0'TE— 'yl Ly'0  0TIFO086I 091F0SEl 0 VS 159104
=0ve— 6'Sl L0 OCIF0¢€Ce 0 SIFOPSI (474 1S10K )
(%) AN %AD D01 OLIF0TST 0SIF0991 ¢'¢  ouids requn BIOWED PAXAS-YSIH  IOJOWOIR[R00Y
x09¢— 6'L1 80 (pueroz
0'6€— 91 SLO 091F07T8T 091F0911 8¢ -JIMS ‘uoIg
*0'SE— 42! L90 O0€IF080CT 091F0SEl 0'¢ VS 15904 [89]
08¢ — L'LT €90 O0SIFOLET OSIFOPSI (474 1S10KIA) 'R
(%) AN %AD D01 OLIF089C 0SIF0991 ¢'¢  ouids requn WISAS [[90010Ud  IOJOWOIRRI0Y alpurn
(pueroz
(18°0°L0°0—) 8%°0 -IIMS ‘UoIg [es]
(180 T0°0—)0S'0  OVYTFEIST  09IFTHrI 6°€ VS 18904 TR
(08°0°€00—) 670  O'STF¥8LT  OLIFI6SI e ‘@ISA10Ay)  oBreqoy
D %S6) D1 00TFI'L6T OSIFOTLI g7 ourds requng J19)JOWOII[3I0 PAUNOW-I00  IOJOWOII[AIOY -jnon
(Ko
‘9Z1I0SUdS
0'ST oS Jurds ‘OSUQSAL])
(sw) yog SWHN  LLF9E0l  SHFTS0l  [ewixey  ouids requin elowed paads-y3Iy NIAIL
(Krex [eel
9Z1I0SUS RLEE
0ST oS junids 9SUQSAL]) urwes
(sw) yog W HN  TEIFEECT  601F67TCI [ewrxey  duids requing arerd 0010 NI -1°g
0'€T0YT— 60 06'0 80 (VSN AN
091 °0'0C— Lo ¥6°0 (4 TSy XIuoryy S0l
0CT°0°ST— 60 16°0 'l Tr9¢ — ZSINXD [zel
(sw) yoT %S6 (sw) gS 4 S, U0SIedq (sw) serq uealAy  pauodorioN  pertodarjoN €¢-8C wnioeg woISAS a1myded OO JOIWOIA[AIDY ‘[ 10 99
(vsn ‘vin
‘POOMION
ouf sad1A(g [oL]
0'1L°0°S8— 0L— Soreuy '
065 ‘0'€8— 0CI— 092F07T¢C 0Tr+0ScT 90F6'¢ 7S9SAXAV) nygor|
(Sw) Vo1 %56 (W) AN O'SPFO60€  0EPF0'L6T ¥0F9¢C BIQLL ae[d 2010, adooso1dn -1ped
(vsn
681 F60¢ IYIF€LT #VL'0 TYEF6CE ‘UOXBION [69]
08FV'6¢ 0¢F9¢I +*8L°0 7'6F0'8€ 0LFOSIT 06£F08HC TIFIY ‘CdIN NOILL MoyD
(sw) ASFAVIN a% -4 s uosresd (SW) ASFAIN  00IF0€EST 0 SIFOT6C T0FT¢ BIQLL aed 22104 -QOAIN) NINT ~ Pue O
(puealy
v'Te T06— 670 ‘unqnq “oug [67]
861 I'6L— 920 00IF00cF 0T1SF00S e ([oe] Jowrurys e
10119 % (swr) JOII9 anuy, DD 00IF009% 00£EF006< 7T eIQL], ‘T8 19 1u97) WwIsAs armded uonojy  ‘rewrwiys) NNI - PRIDIN
sw sw gSF _suw
s F ueowr s F ueowr Ky1oofea
G onsneIs ¥ onsnels € onsnels Z onsnels I onsnels UOLIILID pONIEIN Suruuny g UOLIAIID BONIEIN Apms

(ponunuoo) g sjqey



1467

Impact of IMU Placement on Stride Variable Validity and Reliability

100°0> dyesese “10°0> e 600> die
10113 PIEPUE]S 7§ ‘UOHBIASP PIEPUE)S (S ‘10113 drenbs UBaw J0O1 FSJY 0119 WOPUEI 7Y ‘Puodds 1ad sanowr ,_s-ul
‘SPUODISI[[IW ‘SWI ‘QOUSIDIIP JATIR[AI UBIW (JY Y TOLID UBOWI FJJ{ “QOUSISJJIP UBIW (7 ‘QOUSIINIP N[0S UBSW (JYJ “IUSWIRISE JO SIWI[ Yo7 ‘Ofuel o[nienb-1out Yy Irun JudwWoINseawt
[BN)IQUI /) J47] JUSIOLFA0D UONE[ALIOD SSB[OBIUI )] ‘UONELIBA JO JUIIDLA0D A ‘[BAISIUI SOUSPYUOD [ ‘JUSIOYJA0D UOHE[ALIOD JDUBPIOIUOD ) “IOLId dInjosqe Fy ‘@doudteyip oSejusored (72

pa1bar a19ym SPUODISI[[IW 0) PIJIIAUOD SanJeA “spaads pajood woiy pejrodar a1om soawodIno AJprfea se [£¢] ‘Te 19 31oyyong pue [4¢] ‘Te 19 pIeriqre Joy payuasaid st aguer A11001A y "Apmis
yoea ur pasn poyjow oy uo Jurpuadap ‘S FINOYIIM 10 Y3im pajtodar AIIO0[OA "UOLIILID oY) 0) paredwiod AT oY} AQ Paje[no[ed Wi} J0BIUOD JO UOTIRWIISAIOpUN Uk JuasaIdar sanfea 9AnBIoN

(erensny
‘eiraque))
(66°0°L6°0) 860 ‘sr0dsdo [L€]
Oy ve 6€ () 86—"¢TI-)¥0l— ‘NdH 1dS) LS
D %06) %AD  %06) 4 suosedd (%) (1D %06) seiq uesly  pariodarioN  parodar JoN 18T e[ndeog [[TWPEaI) PAIUAWNISU]  JAJOWOIIIOY  _dyyong
80 Y= (€
£€8°0 9C— 6'¢ yr[O “ouf
L8°0 8'¢— 9'¢ [euoneuIu]
LLO o1 - £ unred ‘0z9 [eg]
69°0 0LT— 0¢ Jouuniorog) TR
o) (sw) serq ued]yl  payiodorjoN  pantodarjoN LT 0s10], [[IWpPEaI) PAJUSWINISU]  JOJAWOII[AIOY LIRJBA\
(puepai
‘unqnq “oug
uwyg [og]
001 ‘069~ 06c— pEToWIYS) TR
(sw) YoT %S6 (sw) AN $'STF90LT  TOEFSIHT ¢'¢ oulds requn erd 9010  IOOWOIRRIOY  UOSUdYg
suw sw gSF _suw
s Fueow s Fueow Kyroofaa
G onsneIs ¥ onsnels € onsnels  onsnels I onsnels UOLIILID 10SU2S Suruuny g UOLIAIID) RONIEIN Apms

(ponunuoo) g sjqey



1468

B.J. Horsley et al.

velocity data to determine contact time [70]. Compared to
motion capture and force plate, small biases (0.8—1.1 ms)
and estimation errors (5.0 ms) were shown for contact time
when an IMU was placed on the sacrum and lumbar spine,
respectively [32, 33]. However, significant differences
(p <0.05) were reported in another study using the lumbar
spine when photocell (> —35.0%) and high-speed camera
(> —31.0%) measures of contact time were used as the refer-
ence [68]. In a study comparing contact times derived from
different accelerometer attachment sites, the lumbar spine
showed a smaller difference from force plate-determined
contact time (< 8.7%) to the values obtained from the tibia
(<17.3%) and foot (<26.6%), with each site significantly
correlated (r>0.74, p < 0.05) with force plate (see Table 5)
[69]. Similar results were reported in a more recent study
showing the mean lumbar spine-force plate difference
(—29.0 ms) was less than that observed between foot-force
plate (47.0 ms). In that study, accelerometers placed on the
lumbar spine underestimated mean contact time compared
to the force plate, whereas foot acceleration overestimated
by 18.0 ms [30]. Contact time derived from an accelerom-
eter secured to the thoracic spine showed a mean bias of
—10.4% and a nearly perfect correlation (r=0.98) with an
instrumented treadmill [37]. However, data from only one
participant were analysed [37].

Three studies assessed the reliability of IMUs on the foot
and lumbar spine to calculate contact time (see Table 6). The
coefficient of variation (CV) was <2.3% across velocities
ranging between 2.2 and 5.6 m-s~!, while the standard error
of measurement (SEM) was highest at 2.2 m-s~! (5.0 ms)
[71]. Good absolute and relative between-trial reliability was
established using an accelerometer mounted on the lumbar
spine (CV <9.9%, ICC > 0.88) [68], while lower ICC val-
ues ranging from —0.24 to 0.67 were reported for inter-day
reliability in another study using a lumbar spine-mounted
accelerometer [83]. Greater SEM values were observed for
lumbar spine-determined contact time (> 10.1 ms) compared
to foot placement (< 5.0 ms) [71, 83].

Data collected between 3.3 and 4.3 m-s™ " were pooled to
determine the effect of IMU placement on the accuracy of
contact time compared to criterion measures (see Fig. 2).
There was a significant difference in the overall effect of dif-
ferent IMU attachment sites (p =0.02). Contact time derived
from the foot (MD [95% CI] —11.47 ms [—45.68, 22.74],
p=0.43), tibia (MD [95% CI] 22.34 ms [— 18.59, 63.27],
p=0.18) and lumbar spine (MD [95% CI] —48.74 ms
[—120.33, 22.85], p=0.12) was not significantly different
to the criterion. All subgroups were associated with high
heterogeneity (P> 54.1%). Leave-one-out analysis (see Sup-
plementary Information Appendix S2) for foot and lumbar
spine sites revealed that there was no single study influen-
tial enough to substantially change the overall heterogene-
ity (I>>83.4%) or pooled MD. In contrast, heterogeneity

1

could be explained for the tibia site by omitting one study
[70] (Z=0%), with the same study also having an influential
effect on the overall result for tibia-determined contact time
(MD [95% CI] 34.68 ms [11.16, 58.19], p=0.02). Modera-
tor analysis showed the type of criterion measure was not
significantly associated with the observed variance in effect
sizes (p=0.15).

3.4.4 FlightTime

Results from studies reporting the criterion validity of IMU-
derived flight time are documented in Table 7. For placement
at the foot, ICC values were as high as 0.81 at 5.6 m-s~! and
0.86 at 3.3 m-s~! compared to photocell and high-speed cam-
era measures of flight time [35, 71]. Low estimation errors
(< 8.2 ms) and median +IQR bias (15.0+ 12.0 ms) and pre-
cision (5.0+ 3.0 ms) were reported for foot-determined flight
time versus motion capture and instrumented treadmill val-
ues, respectively [34, 52]. There was a significant difference
(p <0.05) from high-speed camera and photocell system cri-
terions when a lumbar spine placement was used to calcu-
late flight time across a range of velocities (3.3-5.8 m-s™/;
41.0-103%) (see Table 7) [68], while the bias was —25.8%
for thoracic spine-determined flight time in another study
using an instrumented treadmill as the reference [37]. The
observed difference for lumbar and thoracic spine sites was
greater than that of a foot placement (< 15.1%) [35].

For reliability (see Table 6), the CV was as high as 11.6%
at 2.2 m-s~! for flight time derived from an IMU on the foot
[71], while CV values were <5.2% between trials using a
lumbar spine-mounted accelerometer [68].

Outcome data between 3.3 and 4.2 m-s™" were pooled
from two studies [35, 71] to perform a meta-analysis assess-
ing the effect of foot-determined flight time (I =59%; see
Fig. 3). Meta-analysis demonstrated that foot-determined
flight time is not significantly different to reference measures
(MD [95% CI] 11.93 ms [—8.88, 32.74], p=0.13). Leave-
one-out and moderator analyses were not performed due to
only two studies in the meta-analysis.

1

3.4.5 StepTime

Validity outcomes from two studies that calculated step
time are presented in Table 8. Compared to values obtained
from an instrumented treadmill, step time determined from
a foot-worn IMU was shown to have a perfect agreement and
a median +IQR precision of 3.0+2.0 ms across velocities
ranging from 2.8 to 5.6 m-s~! [34]. The mean bias for step
time calculated from a sacrum-worn accelerometer ranged
from — 1.3 to — 0.4 ms across velocities ranging between 2.8
and 5.2 m-s~!, showing a marginal underestimation of step
time compared to measures derived from a motion capture
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Study or IMU Criterion Mean Difference Mean Difference
Subgroup Mean SD Total Mean SD Total IV, Random, 95% CI IV, Random, 95% CI
Foot
Ammann et al. (2016) [16] 185.50 21.70 12 194.60 34.30 12 -9.10[-32.06; 13.86] —

Benson et al. (2019) [30] 320.10 41.50 12 270.60 25.40 12 49.50[ 21.97; 77.03] ——
Garcia-Pinillos et al. (2018) [71] 226.18 6.45 18 245.02 14.00 18 -18.85[-25.97; -11.73] =
Garcia-Pinillos et al. (2019a) [35] 261.00 28.00 49 267.00 28.00 49 -6.00[-17.09; 5.09] i
Garcia-Pinillos et al. (2019b) [35] 253.00 22.00 49 267.00 28.00 49 -14.00[-23.97; -4.03] E =
Mo & Chow (2018) [69] 159.00 13.00 11 215.00 7.00 11 -56.00 [ -64.73; -47.27] E 3
Total (95% CI) 151 151 -11.47 [ -45.68; 22.74] e
Heterogeneity: Tau? = 584.48; Chi = 96.47, df = 5 (P < 0.01); I = 95%
Test for overall effect: t5 = -0.86 (P = 0.43)
Tibia
Fadillioglu et al. (2020) [70] 225.00 42.00 13 232.00 26.00 13 -7.00[-33.85; 19.85] —B—
McGrath et al. (2012a) [29] 450.00 51.00 5 390.00 60.00 5 60.00[ -9.02; 129.02] L]
McGrath et al. (2012b) [29] 450.00 51.00 5 420.00 10.00 5 30.00[-15.55; 75.55] ———
Mo & Chow (2018) [69] 248.00 39.00 11 215.00 7.00 11 33.00[ 9.58; 56.42] ——
Total (95% CI) 34 34 22.34[-18.59; 63.27] et ——
Heterogeneity: Tau? = 370.93; Chi® = 6.54, df = 3 (P = 0.09); I = 54%
Test for overall effect: ts = 1.74 (P = 0.18)
Lumbar spine
Benson et al. (2019) [30] 241.80 30.20 12 270.60 25.40 12 -28.80[-51.13; -6.47] ——
Gindre et al. (2016a) [68] 160.00 15.00 20 252.50 16.00 20 -92.50[-102.11; -82.89] L 3
Gindre et al. (2016b) [68] 160.00 15.00 20 237.50 15.00 20 -77.50 [ -86.80; -68.20] : 3
Mo & Chow (2018) [69] 220.00 18.00 11 215.00 7.00 11 5.00[ -6.41; 16.41] = 3
Total (95% CI) 63 63 -48.74 [-120.33; 22.85] ——
Heterogeneity: Tau® = 2179.67; Chi® = 189.62, df = 3 (P < 0.01); I* = 98%
Test for overall effect: ts =-2.17 (P = 0.12)
I T T T T 1
-120 -80 -40 0 40 80 120
IMU under  IMU over

Fig.2 Forest plot displaying the effect of contact time (ms) calcu-
lated from IMUs worn on the foot, tibia and lumbar spine between
3.3 and 4.3 m-s~!. Data are presented as means and SD of IMU- and
criterion-derived contact time. Data from the RunScribe™ sensor are
shown in Garcia-Pinillos et al. (2019a), while data from the Stryd™
device are shown in Garcia-Pinillos et al. (2019b). Two different

system [32]. Sacrum-determined step time was most strongly
correlated with motion capture at 2.8-3.3 m-s~! (r=0.93)
[32].

3.4.6 Stride Time

Validity outcomes for IMU-determined stride time are out-
lined in Table 8. Stride time was calculated from IMUs
worn on the foot [52], tibia [29, 84], sacrum [32], lumbar
spine [33] and thoracic spine [54]. There was no significant
difference (p =0.92) between foot-worn IMU and motion
capture calculations of stride time, where the mean error
ranged from —4.0+24.0 ms at 2.2 m-s~' to 0.3+22.1 ms
at3.1 m-s~! [52]. Comparison between different stride time

motion capture algorithms were used as criterions for McGrath et al.
(2012a, b). Gindre et al. (20164, b) is represented by high-speed cam-
era and photocell system criterions, respectively. CI confidence inter-
val, df degrees of freedom, /MU inertial measurement unit, /V instru-
mental variable, over overestimation, SD standard deviation, under
underestimation

calculation methods using tibial accelerometry showed
ICC values were > 0.95 [84], while in another study using
tibia-mounted IMUs, ICC values ranged between 0.55 and
0.83 using two motion capture methods (see Table 8) [29].
Stride time derived from the sacrum and lumbar spine
showed low errors (standard error < 0.8 ms, mean estimation
error < 5.0 ms) compared to motion capture, force plate and
high-speed camera measures, respectively [32, 33]. How-
ever, when an accelerometer was attached to the thoracic
spine, there was a significant bias of —26.0 ms (p =0.00)
compared to force plate stride time [54], which is greater
than the bias reported for the sacrum (— 1.0 to 1.2 ms) [32].
One study (see Table 6) established the reliability of
accelerometer-derived stride time across different sampling
frequencies [59]. The CV of stride time was <3.5% for
accelerometer signals between 100 and 1000 Hz [59].
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IMU Criterion Mean Difference Mean Difference

Study Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Garcia-Pinillos et al. (2018) [71] 120.32 16.15 18 100.65 19.77 18 29.9% 19.67[7.88; 31.47] ——

Garcia-Pinillos et al. (2019a) [35] 96.00 26.00 49 93.00 25.00 49 34.2% 3.00[-7.10; 13.10] L]

Garcia-Pinillos et al. (2019b) [35] 107.00 23.00 49 93.00 25.00 49 35.9% 14.00[4.49;23.51] +

Total (95% CI) 116 116 100.0% 11.93 [-8.88; 32.74] ————
f T T T T 1

Heterogeneity: Tau? = 40.00; Chi? = 4.83, df = 2 (P = 0.09); I? = 59%
Test for overall effect: t, = 2.47 (P = 0.13)

Fig. 3 Forest plot displaying the effect of flight time (ms) calculated
from IMUs worn on the foot between 3.3 and 4.2 m-s~'. Data are pre-
sented as means and SD of IMU- and criterion-derived flight time.
Data from the RunScribe™ sensor are shown in Garcia-Pinillos et al.

3.4.7 Swing Time

Only two studies, each using different attachment sites,
reported the validity of IMUs to derive swing time (see
Table 9). Swing time calculated from a foot-worn IMU was
shown to have a median + IQR bias of 15.0+12.0 ms and a
median +IQR precision of 5.0 +2.0 ms compared to values
obtained from an instrumented treadmill [34]. Swing time,
derived from the angular velocity signal about the y-axis
from a tibia-mounted gyroscope, showed poor to moderate
agreement (ICC <0.38) when two established motion cap-
ture methods were used as criterion measures [29, 89, 90].

3.4.8 Step Frequency

Six studies quantified step frequency from foot-, tibia- and
lumbar spine-worn IMUs, with reliability and validity values
from each study presented in Tables 6 and 10, respectively.
Foot-determined step frequency was nearly perfectly cor-
related (ICC > 0.95) with photocell and high-speed camera
measures across a range of velocities (2.2 to 5.6 m-s~1) [35,
71]. Biases were small (<4.5 step-min_l) and correlations
exhibited close to perfect agreement (r>0.96, p <0.001)
with an instrumented treadmill in one study that used IMUs
from five different manufacturers on the foot, heel and dis-
tal tibia (see Table 10) [60]. However, the authors did not
report running velocity during the trials [60]. The differ-
ence between step frequency derived from foot- and lumbar
spine-worn IMUs and high-speed camera and photocell sys-
tems ranged between — 0.9 and 0.8% [35, 68], while another
study that directly compared values obtained from a lumbar
spine-worn accelerometer to a foot-mounted accelerometer
during the same run protocol deemed validity as "good”
(ICC =0.78-0.90) between 2.8 and 3.9 m-s~! [83]. Maximal
sprinting (6.8 + 1.0 m-s™") resulted in a bias ranging between
—25.9 and — 6.5 step-min~" for step frequency derived from
an IMU on the lumbar spine [72].

-30 -20 -10 0 10 20 30
IMU under  IMU over

(2019a), while data from the Stryd™ device are shown in Garcia-
Pinillos et al. (2019b). CI confidence interval, df degrees of freedom,
IMU inertial measurement unit, /V instrumental variable, over overes-
timation, SD standard deviation, under underestimation

Reliability (see Table 6) was established for foot-deter-
mined step frequency, where the CV and SEM ranged
between 1.1 to 2.0% and 1.7 to 2.8 step-min~", respectively,
across velocities (2.2-5.6 m-s~!) [71]. The ICC values rep-
resenting the reliability of lumbar spine-determined step
frequency were > 0.78 [68, 83].

Data collected between 3.3 and 4.2 m-s™ were grouped
to produce a pooled validity estimate for foot- and lumbar
spine-determined step frequency (see Fig. 4). There was no
significant difference between foot and lumbar spine esti-
mates of step frequency (p =0.20). Derivations of step fre-
quency from the foot (MD [95% CI] 0.45 step'min_] [—1.75,
2.66], p=0.47) and lumbar spine (MD [95% CI] —3.45
step-min_1 [—16.28, 9.39], p=0.37) were shown to not be
significantly different to the criterion. As there were only
two studies in each subgroup, leave-one-out and moderator
analyses were not performed.

1

3.4.9 Step Length

The validity of foot-mounted IMUs to quantify step length
during running at different velocities (2.2 to 5.6 m-s™})
was investigated in three studies (see Table 11). Pearson’s
correlation and ICCs showed step length, calculated from
Stryd™ and RunScribe™ devices, was nearly perfectly
correlated (r>0.93, p <0.001) with photocell and high-
speed camera measures across all velocities [35, 71]. One
study used placement on the lumbar spine and showed
that biases increased and ICC values decreased with jog-
ging (bias=8.1-12.2 cm; ICC=0.90-0.94) to sprinting
(bias=11.5-28.4 cm; ICC=0.79-0.85) compared to a pho-
tocell system [72].

One study assessed the reliability of step length derived
from a foot-mounted IMU (see Table 6), which showed the
CV ranged from 1.1 to 2.1% across all velocities (2.2 to
5.6 m:s~!), while the SEM was highest at 5 m-s~! (241.2 cm)
[71].
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Table 9 Validity summary statistics for swing time

Study Sensor Criterion Site Running Sensor Criterion Statistic 1 Statistic 2 Statistic 3
velocity mean + SD mean + SD
m-s~!+SD ms
Falbriard IMU (Physi-  Instrumented Foot 2.8-5.6 Not reported  Not reported  Median Median preci-
et al. [34] log 4, Gait treadmill bias + IQR sion + IQR
Up, Swit- (ms) (ms)
zerland) 15.0+12.0 5.0+£3.0
McGrath IMU (Shim-  Motion cap-  Tibia 2.2 460.0+330.0 360.0+10.0 True error % error ICC
et al. [29] mer, Shim- ture system 3.3 450.0+20.0 390+10.0 (ms) 18.7 0.38
mer Inc., (Hreljac and 65.9 16.6 0.32
Dublin, Marshal 54.8
Ireland) [89])
IMU (Shim-  Motion cap-  Tibia 2.2 460.0+330.0 340.0+10.0 True error % error ICC
mer, Shim- ture system 3.3 450.0+£20.0 360+10.0 (ms) 26.8 0.32
mer Inc., (Zeni et al. 78.8 26.4 0.28
Dublin, [90]) 90.0
Ireland)

A velocity range is presented for Falbriard et al. [34] as validity outcomes were reported from pooled speeds. Values converted to milliseconds

where required

ICC intraclass correlation coefficient, /MU inertial measurement unit, /QR inter-quartile range, ms milliseconds, m-s~! metres per second, SD

standard deviation

Data collected between 3.3 and 4.2 m-s~! were grouped
to produce a pooled validity estimate for foot-determined
step length. Results from the meta-analysis are presented
in Fig. 5 and show that IMUs worn on the foot produce
step length values that are not significantly different to
reference measures (MD [95% CI] 0.21 cm [—1.76, 2.18],
p=0.69). No moderator analysis was performed due to
F=0%.

3.4.10 Stride Length

Three studies determined the validity of foot-mounted IMUs
to calculate stride length, where summary statistics from
each study are documented in Table 11. Compared to motion
capture, the mean error of IMU-derived stride length ranged
from — 0.5 to 46.0 cm [52, 65, 85]. The agreement between
stride length determined from an IMU and motion capture
system was improved during overground runs over 10 m
(3.6 +0.3 m-s~'; root mean square error [RMSE]=8.3 cm)
compared to running on a treadmill for 3 min at different
velocities (2.2-3.1 m-s~'; RMSE=59.2-70.2 cm, r=0.96,
p<0.001) [52, 85]. In a study comparing four different
algorithms for computing stride length from IMU sig-
nals to a motion capture system, results showed that an
algorithm based on foot trajectory performed best (mean
error=2.0+ 14.1 cm, mean percentage error =2.8%) than
those based on stride time (mean error=17.7+57.3 cm,
mean percentage error=17.1%), foot acceleration (mean
error=—0.5+25.6 cm, mean percentage error =7.9%) and
deep learning (mean error=2.5+20.1 cm, mean percentage

error=5.9%) across a range of velocities up to 5.0 m-s™' (see
Table 11) [65].

The CV for within-subject variation of stride length
across different sampling frequencies ranged from 4.9% at
1000 Hz to 7.8% at 100 Hz (see Table 6) [59].

3.4.11 Ground Reaction Force

The outcomes for the 11 studies that investigated the valid-
ity of IMUs to estimate GRF are presented in Table 12.
Two studies applied a neural network model to accelerom-
eter data from the foot and thoracic spine to predict verti-
cal and resultant GRF, respectively [56, 61]. The RMSE
for vertical GRF determined from foot acceleration data
was < 10.5 N compared to values obtained from an instru-
mented treadmill, while the mean signal cross-correlation
was 0.99 when the entire vertical GRF waveform was evalu-
ated [56]. A neural network method predicted resultant GRF
from accelerometers worn on the thoracic spine with a mean
coefficient of determination (%) value of 0.9 [61]. Attaching
an accelerometer to the tibia [40] and hip [66] resulted in
mean differences to the force plate of 400.0 N and 106.4 N
(~8.3%), respectively, for vertical GRF, whereas biases were
smaller for the vertical (—34.1 N) and resultant (—29.7 N)
components of peak force when an IMU was attached to the
sacrum (see Table 12) [57]. One study that used a spring-
mass model to calculate peak vertical force showed strong
correlations between force plate-lumbar spine (r=0.81)
and force plate-thoracic spine (r=0.79), while the CV was
9.2 and 9.6%, respectively [38]. When acceleration values
were converted to Newtons by multiplying by body mass,
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Study or IMU Criterion Mean Difference Mean Difference
Subgroup Mean SD Total Mean SD Total IV, Random, 95% CI IV, Random, 95% CI
Foot
Garcia-Pinillos et al. (2018) [71] 173.48 7.47 18 173.80 7.50 18 -0.32[-5.22; 4.57]
Garcia-Pinillos et al. (2019a) [35] 168.10 7.40 49 166.80 7.70 49 1.30[-1.69; 4.29]
Garcia-Pinillos et al. (2019b) [35] 166.70 7.30 49 166.80 7.70 49 -0.10[-3.07; 2.87]
Total (95% Cl) 116 116 0.45[ -1.75; 2.66]
Heterogeneity: Tau? = 0; Chi® = 0.54, df = 2 (P = 0.76); I? = 0%
Test for overall effect: t, = 0.88 (P = 0.47)
Lumbar spine
Gindre et al. (2016a) [68] 165.50 9.50 20 166.00 9.00 20 -0.50[-6.24; 5.24] i
Gindre et al. (2016b) [68] 165.50 9.50 20 165.50 9.00 20 0.00[-5.74; 5.74]
Machulik et al. (2020) [72] 159.60 7.80 28 168.60 7.80 28 -9.00 [-13.09; -4.91] ——
Total (95% Cl) 68 68 -3.45[-16.28; 9.39] ———
Heterogeneity: Tau® = 23.70; Chi® = 8.89, df = 2 (P = 0.01); I* = 78%
Test for overall effect: t, =-1.16 (P = 0.37)
I T T 1
-20 -10 0 10 20
IMU under IMU over

Fig.4 Forest plot displaying the effect of step frequency (step-min™')
calculated from IMUs worn on the foot and lumbar spine between 3.3
and 4.2 m-s~!. Data are presented as means and SD of IMU- and cri-
terion-derived step frequency. Data from the RunScribe™ sensor are
shown in Garcia-Pinillos et al. (2019a), while data from the Stryd™
device are shown in Garcia-Pinillos et al. (2019b). Gindre et al.

larger measurement errors and weaker correlations were
reported for both vertical (CV=16.2%, r=0.44, p <0.01)
and resultant GRF (CV =16.4%) using a thoracic spine
accelerometer [36, 43]. During slow (2 m-s~!) to moderate
(5 m-s™!) speed running in another study, a single thoracic
spine-mounted accelerometer was shown to be inadequate
(RMSE >509.2 N) for use with a mass-spring damper model
to predict resultant GRF waveforms [39]. When multiple
IMUs were used to estimate vertical GRF, the RMSE was
220.8 +£45.7 N, while the root mean square deviation was
241.4+59.6 N [55, 87].

The reliability of accelerometers to estimate vertical
GRF was examined in four studies (see Table 6). For place-
ment on the tibia, the SEM was 99.8 N (7.0%), whereas
the minimal detectable change (MDC) was 276.7 N (19.3%)
[40]. As with placement on the tibia (ICC =0.88), lumbar
spine (CV =4.2%) and thoracic spine (CV =3.3%) sites also
showed reliable outcomes for vertical GRF derived from a
spring-mass model during a continuous 2 min shuttle run
[38]. However, when the same model was applied in another
study using thoracic spine accelerometers, the authors
classed the between-day typical error (TE; 0.8 N) and ICC
(0.47) values as moderate [86]. Poor reliability was exhib-
ited in a further study utilising accelerometers placed on
the thoracic spine, whereby CV values were > 17.8% across
velocities ranging between 3.3 and 6.7 m-s~! [43].

(20164, b) is represented by high-speed camera and photocell system
criterions, respectively, where the authors reported the same values
for each. CI confidence interval, df degrees of freedom, /MU inertial
measurement unit, /V instrumental variable, over overestimation, SD
standard deviation, under underestimation

Two studies reported mean + SD values for thoracic
spine-derived peak resultant GRF [36, 39]. However, as one
study had an SD that was nearly as large as the mean [39],
which suggests the data were not normally distributed and,
therefore, not meeting the assumptions for a random-effects
meta-analysis [91], these studies were not pooled.

3.4.12 Vertical Stiffness

Three studies examined the reliability and validity of
accelerometers placed at the lumbar and thoracic spine
to calculate vertical stiffness (see Tables 6and 13, respec-
tively). A nearly perfect correlation (r=0.98) between
thoracic spine-determined vertical stiffness and that
obtained from an instrumented treadmill was reported
from a single participant in one study [37]. When a larger
sample of participants was analysed in another study, cor-
relations with force plate were not as strong for lumbar
spine (r=0.65) and thoracic spine (»r=0.66) estimates of
vertical stiffness [38].

Inter-day reliability results were comparable between
accelerometer placements, with a CV between 9.5 and 12.1%
and ICC values 0.70-0.75 for both the lumbar and thoracic
spine (see Table 6) [38, 86].
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IMU Criterion Mean Difference Mean Difference

Study Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Garcia-Pinillos et al. (2018) [71] 129.78 560 18 129.61 5.62 18 482% 0.16[-3.50; 3.83]

Garcia-Pinillos et al. (2019a) [35] 116.30 12.10 49 116.90 1250 49 27.3% -0.60[-5.47;4.27] i

Garcia-Pinillos et al. (2019b) [35] 118.10 13.50 49 116.90 12.50 49 24.4% 1.20[-3.95; 6.35] L]

Total (95% ClI) 116 116 100.0% 0.21 [-1.76; 2.18] —-?—

Heterogeneity: Tau? = 0; Chi? = 0.25, df = 2 (P = 0.88); I2 = 0% ' ' ' ! ' ' !

Test for overall effect: t, = 0.45 (P = 0.69) 6 4 -2 0 2 4 6
IMU under  IMU over

Fig. 5 Forest plot displaying the effect of step length (cm) calculated
from IMUs worn on the foot between 3.3 and 4.2 m-s~!. Data are pre-
sented as means and SD of IMU- and criterion-derived flight time.
Data from the RunScribe™ sensor is shown in Garcia-Pinillos et al.

4 Discussion

This systematic review and meta-analysis summarises the
validity and reliability of IMUs to derive spatiotemporal
features of running gait and estimate peak GRF and verti-
cal stiffness based on different attachment sites. Twelve
variables were analysed across 39 studies, where the
placement of IMUs varied between the foot, distal and
mid tibia, hip, sacrum, lumbar spine, torso and thoracic
spine. The results from reviewed studies and meta-analysis
suggest it is possible to obtain valid and reliable stride
data using IMUs attached at different sites. It appears that
accuracy may depend more on the computational method
used for identifying stride events (IC and TO) from inertial
data rather than the attachment site itself.

Meta-analysis revealed that contact time and step fre-
quency derived from IMUs placed at the foot, tibia and
lumbar spine do not significantly differ to the criterion.
However, some of these pooled analyses demonstrated
high between-study heterogeneity (I>> 54.1%), which
could not be explained by differing criterion methods, nor
by omitting one study for the foot and lumbar spine sub-
groups. Subsequently, the source of heterogeneity remains
unclear for these sites but could be due to other methodo-
logical factors such as the type of sensor, sampling rate,
or computational method for identifying stride events.
These potential moderating variables could not be inves-
tigated further due to insufficient reporting of data within
those studies. Although there were no influential studies
for the foot and lumbar spine subgroups, the pooled MD
for contact time determined from the tibia was distorted
when one study [70] was omitted. Removal of this study
from the meta-analysis resulted in an overall effect that
was significantly different (p =0.02) to the criterion, which
would have suggested the tibia is not a suitable site to
determine contact time had the study not been included.
Other work reviewed here demonstrated valid results for
contact time using IMUs secured to the distal tibia [62].

(2019a), while data from the Stryd™ device is shown in Garcia-Pinil-
los et al. (2019b). CI confidence interval, df degrees of freedom, IMU
inertial measurement unit, /V instrumental variable, over overestima-
tion, SD standard deviation, under underestimation

Although this study was not eligible for inclusion in the
meta-analysis due to insufficient reporting of data, it is
possible it may have supported our findings in the final
meta-analysis, where no significant difference (p =0.18)
was observed between the tibia and criterion. Furthermore,
IC and TO have been detected with good accuracy from
tibial acceleration data [31, 62, 63], which suggests this
site is a viable option for calculating temporal variables,
such as contact time.

Subgroup analysis was not possible for flight time and
step length due to a limited number of studies meeting eli-
gibility criteria for inclusion. However, studies that used
foot-worn IMUs to determine these metrics were meta-
analysed and demonstrated that estimates of flight time and
step length were not significantly different from criterion
measures, which is similar to the results reported for contact
time and step frequency. Collectively, the results from the
four meta-analyses highlight the utility of using IMUs for
gait analysis, where the findings reported here may open
opportunities for practitioners to use placement on the foot,
tibia or lumbar spine to capture spatiotemporal features of
an athlete’s stride in the field. However, there has been little
work done (two reviewed studies) applying gait event detec-
tion methods to inertial data from the thoracic spine to inves-
tigate the validity of this site to derive temporal variables,
with one study only reporting a single observation (n=1)
[37, 54]. It is therefore unclear whether placement on the
thoracic spine is also suitable to derive temporal stride data.

Peak vertical or resultant GRFs during running have
traditionally been measured from force platforms [92-94].
However, IMUs are more accessible to an athlete’s normal
training and competition environment than force platforms
and may provide a useful tool for quantifying surrogate
measures of force during running-based sports [95]. A
variety of different approaches were used to estimate peak
GRFs in the studies reviewed here. Although meta-analysis
was not possible, predictions of vertical GRF were shown
to be most accurate when studies applied machine learning
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Table 13 Validity summary statistics for vertical stiffness

Study Sensor Criterion Site Running Sensor Criterion Statistic 1 Statistic 2 Statistic 3
velocity mean+SD  mean+SD
ms™! kKN-m™! kKN-m™! (90% CI)  (90% CI)  (90% CI)
Eggersetal. Acceler- Force plate  Lumbar 33 26.0+5.0 249+3.7 CV% Pearson’s r  TEE
[38] ometer spine 12.9 (10.7, 0.65 (0.44, (kKN-m™1
(WGT3X- 16.5) 0.79) 1.2 (0.8, 2.0)
BT,
ActiGraph,
Pensacola,
FL, USA)
Buchheit Acceler- Instru- Thoracic 2.8-7.5 Not reported Not reported CV% Pearson’s r  Mean bias
et al. [37] ometer mented spine 6.3 (5.5, 0.98 (0.97, (%)
(SPI HPU, treadmill 7.5) 0.99) —-13.3
GPSports, (—14.6,
Canberra, -11.9)
Australia)
Eggersetal. Acceler- Force plate  Thoracic 33 244+3.8 249+3.7 CV% Pearson’s r  TEE
[38] ometer spine 12.8 (10.6, 0.66 (0.46, (KN-m™)
(WGT3X- 16.3) 0.79) 1.2 (0.8, 2.0)
BT,
ActiGraph,
Pensacola,
FL, USA)

Negative values represent an underestimation of vertical stiffness calculated by the IMU compared to the criterion. A velocity range is presented
for Buchheit et al. [37] as validity outcomes were reported from pooled speeds

CI confidence interval, CV coefficient of variation, kN-m~! kilo Newtons per metre, m-s~! metres per second, SD standard deviation, TEE typical

error of the estimate

techniques or used multiple IMUs at different body segments
[55, 56, 61, 87]. Given IMUs are commonly worn on the
thoracic spine in sport, other studies investigated the validity
of this site to predict GRFs from accelerometer data, with
contrasting results. Acceleration data from the thoracic spine
were inadequate to predict peak vertical and resultant GRF
based on Newton’s second law of motion (i.e. multiplying by
body mass) [36, 43] and as input into a mass-spring-damper
model [39]. Conversely, improved results were shown when
peak vertical GRF was estimated from known contact time,
flight time and body mass using a spring-mass model [38],
while another study suggested accurate predictions of result-
ant GRFs from IMUs worn on the thoracic spine are possible
by applying machine learning [61]. Based on the conflicting
results from the studies reviewed here, it is unclear whether
accurate determination of peak vertical and resultant GRFs
from accelerometer data at the thoracic spine is possible and
this warrants further investigation.

Two studies used estimations of peak vertical GRF to
calculate vertical stiffness from IMUs worn on the tho-
racic spine [37, 38]. Although the small biases and large to
nearly perfect correlations in both studies appear promis-
ing for determining vertical stiffness using accelerometer
data from this site, it is unclear whether placement on the
thoracic spine is feasible for determining vertical stiffness
when one study collected data from only one participant.

Furthermore, calculating vertical stiffness using a spring-
mass model approach, as per the method used in the two
studies, is dependent on known contact time and flight time
[96]. However, neither study provided a description of how
IC and TO were determined mathematically from acceler-
ometer data, nor how these events translated to accurate deri-
vations of temporal variables [37, 38]. The ability of IMUs
attached on the thoracic spine to correctly identify IC and
TO events compared to a criterion should be explored more
fully before practitioners can confidently use this site to 1)
accurately calculate contact time and flight time and 2) use
these metrics as inputs for estimating peak vertical GRF and
vertical stiffness [23, 97].

Results from reviewed studies demonstrate that it is pos-
sible to obtain reliable derivations of contact time, flight time
and step frequency from a foot or lumbar spine placement
[16, 68, 71], while foot-worn IMUs can provide reproduc-
ible calculations of stride time, step length and stride length
[59, 71]. Furthermore, placement on the tibia and lumbar and
thoracic spine possessed excellent reliability for determining
vertical GRF from accelerometer data [38, 40]. Collectively,
these results indicate that IMUs possess good precision for
calculating different stride variables [98]. Determining the
sensitivity of IMU-derived stride variables by calculating the
MDC or smallest worthwhile change (SWC) is also important
so practitioners can determine whether changes in an athlete’s
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gait pattern are real or due to error [99-101]. However, only
two studies reported here determined the value (i.e. signal)
that may constitute a meaningful change for stride variables
determined from IMUs [40, 86]. One study using tibia accel-
erometers calculated an MDC for peak vertical GRF that was
higher than the SEM, suggesting that this metric may be sensi-
tive to detect change when IMUs are secured to the tibia [40].
Conversely, the TE associated with thoracic spine-derived
peak vertical GRF and vertical stiffness was greater than the
SWC [86], which suggests this site is limited for detecting
subtle changes in an athlete’s gait pattern. No study determined
the MDC or SWC for spatiotemporal variables, and therefore
future work may look to further our understanding of the sig-
nal-to-noise ratio of other stride metrics, such as from IMUs
worn at various sites.

The use of IMUs in sport is increasingly being applied to
gain additional insights (i.e. other than speed and distance)
into the activity profiles of athletes. Practitioners can quantify
proprietary designed metrics, such as PlayerL.oad™ [10, 28,
102], estimate energy expenditure [103] and record the peak
segmental acceleration values that occur during a variety of
different team-sport movements [42, 104] using IMUs. There
is an increasing body of evidence supporting the use of IMUs
to capture characteristics of an athlete’s stride, including spa-
tiotemporal data [54], GRFs [36, 39, 40] and vertical stiffness
[37, 86]. Capturing accurate stride variables appears possi-
ble across different sites using automated gait event detection
techniques and may have practical application in profiling an
athlete’s stride in a variety of running-based sports. The use
of IMUs may allow practitioners to perform gait analyses in
the field to enhance their understanding of athlete movement
strategy and monitor changes in stride variables that may occur
with fatigue [28].

It is important to note that the meta-analyses in this review
were impacted by a limited pool of eligible studies. It is likely
that the results suffer from sparse data bias in instances where
only two studies were meta-analysed due to relatively small
sample sizes [105, 106]. Further research should include raw
outcome data (mean + SD values) alongside validity statistics
to provide a complete summary of outcomes. Furthermore, the
method adopted here treated three studies that used different
IMUs or criterions as independent data sources [29, 35, 68]. It
is possible that we may have observed a different finding had
different IMUs or criterions not been treated independently
within those studies. However, due to a limited number of
studies, accounting for this dependency was not possible with
the data available. Finally, data were only pooled within a
velocity range of 3.3-4.3 m-s~! due to eligibility criteria. As
a result, the meta-analyses here do not explain the effect of
running velocity on validity, which may be an important dis-
tinction to make as previous work has shown that increased
speed may lead to greater error in estimations of stride vari-
ables derived from IMUs [34, 43].

5 Conclusion

This review and meta-analysis demonstrated that valid and
reliable derivations of stride metrics are possible from IMUs
mounted on the foot, tibia and lumbar spine. This suggests
that location may not be the most critical factor and that
validity and reliability may be more dependent on the math-
ematical approach for the detection of gait events. However,
further work is warranted to explore the application of auto-
mated gait event detection algorithms on inertial data from
the thoracic spine before practitioners can confidently use
this site in the field to derive stride variables.
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tary material available at https://doi.org/10.1007/s40279-021-01443-8.
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