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aim of this study was to perform an inter-laboratory comparison of knee biomechanics
and muscle activation patterns during gait of patients with knee osteoarthritis.

Methods: Knee biomechanics and muscle activation patterns from patients with knee
osteoarthritis were analyzed, previously collected at Dalhousie University (DAL: n = 55)
and Amsterdam UMC, VU medical center (VUmc: n = 39), using their in-house protocols.
Additionally, one healthy male was measured at both locations. Both direct comparisons
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Muscle activation and after harmonization of components of the protocols were made. Inter-laboratory com-
Harmonization parisons were quantified using statistical parametric mapping analysis and discrete gait
Protocol parameters.

Results: The inter-laboratory comparison showed offsets in the sagittal plane angles,
moments and frontal plane angles, and phase shifts in the muscle activation patterns.
Filter characteristics, initial contact identification and thigh anatomical frame definitions
were harmonized between the laboratories. After this first step in protocol harmonization,
the offsets in knee angles and sagittal plane moments remained, but the inter-laboratory
comparison of the muscle activation patterns improved.
Conclusions: Inter-laboratory differences obstruct valid comparisons of gait datasets from
patients with knee osteoarthritis between gait laboratories. A first step in harmonization
of gait analysis protocols improved the inter-laboratory comparison. Further protocol har-
monization is recommended to enable valid comparisons between labs, data-sharing and
multicenter trials to investigate knee function in patients with knee osteoarthritis.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Gait analysis has been used for decades to quantify knee function in patients with knee osteoarthritis (KOA) and to objec-
tively evaluate the efficacy of interventions [1,2]. There is evidence that changes in knee angles [3] and moments [4] during
gait are associated with the initiation or progression of KOA [5,6]. Moreover, knee muscle activations are often altered during
gait of patients with KOA compared with healthy controls [7,8]. These alterations might be a compensation strategy to con-
trol the symptoms of KOA (pain, stiffness, instability). Furthermore, elevated co-contractions could cause increased loading
of the knee cartilage [9-11]. Comprehensive gait analyses, including electromyography to measure muscle activation, can
help in understanding the implications of changes in knee biomechanics and muscle activation on the joint structure and
assist in identifying individuals for appropriate treatment, i.e. to design strategies to delay or prevent KOA progression.

To date, gait laboratories have typically integrated standardized biomechanics [12] and electromyography protocols [13],
through the use of customized measurement setups, data collection procedures and data processing methods to obtain the
gait parameters of interest. While similarities exist in gait analysis protocols, many decisions made in the protocols may pre-
sent inter-laboratory differences when comparing gait datasets of patients with KOA. Few studies have been performed on
inter-laboratory differences [14-16] and, as far as we know, none of them included patients with KOA. Overall these studies
in healthy subjects showed good agreement on the spatiotemporal parameters [14], but lower consistency in knee biome-
chanics [14-16]. Even with similar anatomical frame definitions [15] or methods to improve marker placement [16], inter-
laboratory differences were still present. This suggests that other components in the measurement setups, data collection or
data processing may also contribute to the inter-laboratory differences. Further investigation into gait analysis protocols is
therefore needed to explore whether and to what extent inter-laboratory differences affect the comparison of gait data of
patients with KOA.

The Joint Action Research Laboratory at Dalhousie University, Halifax, Canada (DAL) and the Virtual Reality laboratory at
the Amsterdam UMC, location VU medical center, Amsterdam, the Netherlands (VUmc) both performed gait studies in
patients with KOA using the same treadmill and a comprehensive knee function assessment including motion, moments
and electromyography allowing comparable results (i.e. not statistically different) to be expected [17-19]. Comparable gait
data between laboratories enable possibilities such as data-sharing and performing large international multicenter trials on
knee function in patients with knee osteoarthritis, which eventually creates more evidence-based research on KOA. There-
fore, the aim of this study was to perform an inter-laboratory comparison of knee biomechanics and muscle activation pat-
terns during gait of patients with KOA.

2. Methods
2.1. Study population

2.1.1. Dalhousie University, joint Action Research Laboratory (DAL)

Previously collected gait datasets from 55 patients with KOA were used in this study [19,20]. All patients gave informed
consent. Patients had KOA classified as moderate severity based on functional status [20], no previous or planned hip or knee
replacement and were able to walk unaided. In addition, anthropometrics, quadriceps and hamstrings strength (isometric)
and questionnaires (Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC [21]), Numeric Pain Rating
Scale (NPRS [22])) were collected [20]. Patient characteristics from DAL are presented in Table 1.

2.1.2. Amsterdam UMC, VUmc

The gait datasets of 39 patients with KOA from a previous study were used [18] (one patient was excluded, because of an
outlying low walking velocity (0.5 m/s)). All patients provided informed consent. Patients had radiographic evidence of med-
ial KOA, radiographic disease severity of grade 1 or higher on the Kellgren-Lawrence (KL) classification system [23], no pre-
vious or planned hip or knee replacement and were able to walk unaided. Anthropometrics, quadriceps and hamstrings
strength (isokinetic) and questionnaires (WOMAC [21], NPRS [22]) were also collected [18]. The patient characteristics from
VUmc are presented in Table 1.

2.2. Measurement setup and data collection

2.2.1. Dalhousie University, joint Action Research Laboratory (DAL)

Details on the DAL measurement setup and data collection are presented in Supplementary Table S1. The laboratory of
DAL contained an R-Mill dual-belt instrumented treadmill with built-in force plates (Motek Forcelink BV, Amsterdam, the
Netherlands), a motion capture system (Qualisys, Gothenburg, Sweden) and wired electromyography (EMG) system (Bortec
Inc., Calgary, Canada). Skin surface motion capture markers were placed using a custom-developed marker model [24]. EMG
electrode placement was performed following the SENIAM guidelines [13] in order to retrieve the muscle activations of the
vastus medialis, vastus lateralis, rectus femoris, medial hamstring, lateral hamstring, medial gastrocnemius and lateral gas-
trocnemius. Before recording of the gait data, patients were familiarized with barefoot treadmill walking for 6 min at a walk-
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Table 1
Characteristics of patients previously measured at Dalhousie University (DAL) and Virtual Reality Laboratory at the VU medical center (Vumc).

Characteristic DAL (n = 55) VUmc (n = 39) P
Age 61 (6) 62 (6) 0.61
Body weight (kg) 83 (15) 77 (11) 0.04
Height (m) 1.69 (0.09) 1.74 (0.10) 0.02
Body mass index (BMI) (kg/m?) 29 (7) 25 (3) <0.01™
Sex (n) 28 (51%) 24 (62%) 0.31
KL Grade (n) 21 (38%) 19 (49%) 0.03

1 24 (44%) 8 (20%)

2 8 (14%) 9 (23%)

3 0 (0%) 3 (8%)

4 2 (4%) 0 (0%)

Missing
NPRS (0-10) 1(2) 2(4) 0.09™"
WOMAC Pain (0-20) 6 (4) 12 (6) <0.01
WOMAC Stiffness (0-8) 3(2) 3(2) 0.80™
WOMAC Physical Function (0-68) 17 (19) 17 (18) 0.98™"
Quadriceps strength (Nm/kg) 1.39 (0.41) 1.54 (0.45) 0.09
Hamstrings strength (Nm/kg) 0.87 (0.30) 0.69 (0.24) <0.01
Walk velocity (m/s) 1.05 (0.16) 1.12 (0.26) 0.02

Median and interquartile range are provided instead of mean and standard deviation. KL, Kellgren-Lawrence; NPRS, Numeric Pain Rating Scale; WOMAC,
Western Ontario and McMaster Universities Osteoarthritis Index.
" Non-normal distribution.

ing velocity determined from over-ground walking [19]. After 6 min, a 20-s recording (14-18 strides) was performed of
three-dimensional (3D) marker trajectories, 3D ground reaction forces and EMG.

2.2.2. Amsterdam UMC, VUmc

Details on the VUmc measurement setup and data collection are provided in Supplementary Table S1. The gait laboratory
of VUmc had the same R-Mill dual-belt instrumented treadmill as DAL (Motek Forcelink BV, Amsterdam, the Netherlands).
Furthermore, the laboratory contained a motion capture system (VICON, Oxford, UK) and a wireless EMG system (Cometa,
Milan, Italy). Skin surface motion markers were placed using the calibrated anatomical systems technique (CAST) marker
model [25]. EMG electrode placement was performed following the SENIAM guidelines [13] in order to retrieve the muscle
activations of the vastus medialis, vastus lateralis, rectus femoris, medial hamstring, lateral hamstring, medial gastrocnemius
and lateral gastrocnemius. Before recording gait data, patients were familiarized with shod treadmill walking for 3 min at a
preferred walking velocity determined by incrementing the velocity until the patient was satisfied. When satisfied, a record-
ing of 1 min (~60 strides) was completed and included 3D marker trajectories, 3D ground reaction forces and EMG.

2.3. Data processing

2.3.1. Dalhousie University, Joint Action Research Laboratory (DAL)

The marker trajectories, ground reaction forces and muscle activation patterns of DAL were processed in a custom-made
Matlab program to acquire the ensemble-averaged knee angles, moments and muscle activation patterns. Details on the data
processing of DAL can be found in Supplementary Table S1. The marker trajectories were filtered using a two-way 6-Hz
fourth-order low-pass Butterworth filter and the ground reaction forces were filtered using a two-way 30-Hz fourth-
order low-pass Butterworth filter. Technical and local anatomical coordinate systems were derived from skin surface mark-
ers to allow knee angle calculations through Cardan/Euler decomposition [26]. Net external knee moments were calculated
using inverse dynamics [27], filtered using a two-way 10-Hz fourth-order low-pass Butterworth filter and expressed using a
floating axis. The muscle activation patterns were band-pass filtered (two-way 10-500 Hz fourth order), full-wave rectified
and low-pass filtered using a two-way 6-Hz fourth-order low-pass Butterworth filter. The knee angles, moments and muscle
activation patterns were time-normalized to gait cycle or to stance (moments) using a cubic spline interpolation function
and the ground reaction force data (2000 Hz) to determine initial contact and toe off identification (threshold: 30 N). Fur-
thermore, the moments were amplitude-normalized to body mass (Nm/kg) and the muscle activation patterns were
amplitude-normalized for each gait cycle to the peak activation that occurred during that gait cycle.

2.3.2. Amsterdam UMC, VUmc

The marker trajectories, ground reaction forces and EMG of VUmc were processed in a custom-made Matlab program
(‘BodyMech’, VUmc, Amsterdam) to obtain the ensemble-averaged knee angles, moments and muscle activation patterns.
Details on the data processing of VUmc are presented in Supplementary Table S1. The marker trajectories were filtered using
the cross-validated quintic spline from Woltring [28] and the ground reaction forces were filtered using a two-way 10-Hz
second-order low-pass Butterworth filter. Segment and joint kinematics were calculated using the anatomical frame defini-
tions of Cappozzo et al. [25,26] and the joint coordinate systems described by Grood and Suntay [29] to acquire the knee
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angles. Net external knee moments were calculated using inverse dynamics and expressed in the distal segment [30]. No
post-filtering was applied on the calculated angles or moments. The muscle activation patterns were filtered with a one-
way 20-Hz third-order high-pass Butterworth filter, full-wave rectified and filtered with a two-way 6-Hz second-order
low-pass Butterworth filter. The knee angles, moments and muscle activation patterns were time-normalized to gait cycles
or to stance (moments) using cubic interpolation function and the ground reaction force data (100 Hz, previously down-
sampled to match marker data) to determine initial contact and toe off identification (threshold: 25 N). The initial contacts
for the muscle activation patterns were up-sampled to 1000 Hz to match the signals. Furthermore, the moments were
amplitude-normalized to body mass (Nm/kg) and the muscle activation patterns were amplitude-normalized for each gait
cycle to the peak activation that occurred during that gait cycle.

2.4. Protocol harmonization

To identify components of the protocols that required harmonization, a healthy male subject (age: 28 years, body mass
index (BMI): 21 kg/m?) was measured at both locations using the local measurement setups, data collection and data pro-
cessing. The subject walked barefoot at a selected velocity of 1.48 m/s. Furthermore, a walking trial was recorded with both
DAL and VUmc marker models placed on the subject, which enabled data processing with the same data processing program
(VUmc). The components of the protocols that required harmonization were, when possible, implemented in the reprocess-
ing of the gait datasets of the patients with KOA to observe the effect on the inter-laboratory comparison after protocol
harmonization.

2.5. Inter-laboratory comparisons

The inter-laboratory comparisons were quantified for the knee biomechanics and muscle activation patterns during gait
using statistical parametric mapping analysis [31] and by calculation of discrete gait parameters (i.e. peak, initial contact,
mean and range). Statistical parametric mapping analysis enables statistical comparison of the gait data at each point of
the gait cycle. Offsets were defined as an upward or downward shift on the y-axis between two gait patterns and phase shifts
were defined as a horizontal shift on the x-axis between two gait patterns.

2.6. Statistics

Descriptive statistics were calculated for patient characteristics and for discrete gait parameters of the knee biomechanics
and muscle activation patterns. The KL grades and sex distributions were compared between the laboratories using the chi-
squared test. A one-way analysis of variance (ANOVA) was used to compare the participant characteristics when normally
distributed (Shapiro-Wilcoxon test); otherwise a non-parametric Mann-Whitney U-test was performed. In the statistical
parametric mapping analysis a one-way ANOVA was used to analyze the differences at each point of the gait cycles between
the laboratories (paired-samples t-test for data of healthy subject). The discrete gait parameters were tested on normality of
the distribution (Shapiro-Wilcoxon test) and a square root transformation was performed if the data were not normally dis-
tributed. After this, a multivariate analysis with walking velocity as a covariate was used to compare the discrete gait param-
eters. Moreover, an additional analysis was performed with covariates (differences in patient characteristics) added to the
inter-laboratory comparison after protocol harmonization. The significance level was P < 0.05.

3. Results
3.1. Comparison of patient characteristics

The DAL patient group had a higher BMI (mean difference: 3 kg/m?, P < 0.01), a different distribution of the KL grades
(P = 0.03), lower pain scores (WOMAC Pain, mean difference: 6, P < 0.01), higher hamstrings strength (mean difference:
0.15 Nm/kg, P < 0.01) and lower walking velocity (mean difference: 0.07 m/s, P = 0.02) compared with the group of patients
of the VUmc (Table 1).

3.2. Inter-laboratory comparison

The knee angles and moments during gait of patients with KOA of both laboratories are presented in Figure 1. Offsets
between the laboratories were observed (upward or downward shift on y-axis) in the sagittal plane and frontal plane angles
(statistical parametric mapping analysis: P < 0.02). The group of patients measured at VUmc had on average 11.8° higher
sagittal angles and 3.8° lower frontal plane angles over the full gait cycle. Furthermore, all discrete gait parameters of the
knee angles were different between the laboratories (Table 2), except for the range of motion during full gait cycle of the
frontal plane angles (P = 0.69). Offsets were also observed in the sagittal plane knee moments with an average difference
of 0.16 Nm/kg over stance between the laboratories (statistical parametric mapping analysis: P < 0.05). The frontal plane
moments were more comparable between the laboratories, only showing offsets during 1-5% and 25-30% of stance (statis-
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Figure 1. Knee angles and moments of patients with knee osteoarthritis previously measured at the Virtual Reality Laboratory at the VU medical center
(Vumc; solid line, green) and Dalhousie University (DAL; dotted line, black). The line represents the mean and the shaded area the standard deviation. The
bar on top of each graph indicates a significant difference (black) or no significant difference (white) between the labs determined with SPM. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

tical parametric mapping analysis: P < 0.05). The comparison of the discrete gait parameters presented the same result with
differences in the parameters between the laboratories for the sagittal plane moments (P < 0.01) and similarities for the fron-
tal plane moments (P > 0.09).

The muscle activation patterns during gait of patients with KOA at both laboratories are shown in Figure 2. Phase shifts
were identified between the laboratories in all muscle activation patterns (horizontal shift on x-axis), varying from —3% to
8% of the gait cycle (Table 2, distance between the indices of peak activation). The statistical parametric mapping analysis
presented differences in all muscle activation patterns (P < 0.05). The discrete gait parameters of the muscle activation pat-
terns were different between the laboratories, except for the mean activation of lateral (P = 0.18) and medial hamstring
(P=0.73).

3.3. Protocol harmonization

The measurement of the healthy subject in both laboratories (Supplementary Figs. S1 and S2) showed that the compo-
nents of the gait analysis protocols that needed to be harmonized were: (1) filter characteristics, (2) initial contact identifi-
cation, (3) anatomical frame definitions, (4) knee moment calculation and (5) marker models (details described in
Supplementary Material). Unfortunately, the previously collected patient data from DAL and VUmc did not use a comparable
marker model, thus not all of these components of the data processing could be harmonized. The components used for inter-
laboratory comparison after protocol harmonization were, therefore: alignment of (1) filter characteristics (characteristics of
DAL), (2) initial contact identification (i.e. input force signal of 1000 Hz, 25-N force threshold and the force filter character-
istics of VUmc) and (3) thigh anatomical frame definitions (use of estimated hip joint center instead of greater trochanter
marker).

3.4. Inter-laboratory comparison after protocol harmonization

The knee angles and moments during gait of patients with KOA of both laboratories after protocol harmonization are pre-
sented in Figure 3. The offsets in the sagittal plane angles, frontal plane angles and sagittal plane moments were still present
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Table 2

Overview of the differences between the labs in the discrete gait parameters of the knee biomechanics and muscle activation patterns of the gait datasets of the
patients with knee osteoarthritis.

Knee angles

Discrete gait parameter (°)

Before harmonization
Difference between labs

After harmonization
Difference between labs

Sagittal plane angle Mean offset 11.8 11.3
Initial contact 9.9* 8.9"
Peak stance 14.6* 13.8*
Peak terminal stance 8.9% 8.6"
Peak swing 16.0° 15.3*
ROM full gait cycle 8.6" 6.5"
ROM stance 5.0% 4.7*

Frontal plane angle Mean offset 3.8 4.0
Initial contact 3.2% 3.2%
ROM full gait cycle 0.0 2.0"
ROM stance 0.8* 0.8

Knee moments
Discrete gait parameter (Nm/kg)

Difference between labs

Difference between labs

Sagittal plane moment Mean offset 0.16 0.14
Peak flexion 0.29* 0.22"
Peak extension 0.17* 0.19*
Range stance 0.21* 0.13*

Frontal plane moment Mean offset 0.05 0.08
First peak adduction 0.08 0.12*
Second peak adduction 0.07 0.03
Range stance 0.07 0.12*

Knee muscle activations
Discrete gait parameter (%)

Difference between labs

Difference between labs

Vastus medialis Phase shift 4% of gait cycle 2% of gait cycle
Mean activation 3" 1

Vastus lateralis Phase shift 4% of gait cycle 2% of gait cycle
Mean activation 11° 2

Rectus femoris Phase shift 3% of gait cycle 2% of gait cycle
Mean activation 5* 1

Medial hamstring Phase shift 7% of gait cycle 2% of gait cycle
Mean activation 0 0

Lateral hamstring Phase shift —3% of gait cycle —1% of gait cycle
Mean activation 2 0

Medial gastrocnemius Phase shift 8% of gait cycle 5% of gait cycle
Mean activation 4* 1

Lateral gastrocnemius Phase shift 6% of gait cycle 5% of gait cycle
Mean activation 6° 1

ROM, range of motion.
" Significantly different (P < 0.05) between gait laboratories.

between the laboratories. Similar results were observed in the discrete gait parameters, except for the range of motion dur-
ing full gait cycle (P = 0.04) and stance (P = 0.27) of the frontal plane angle. The offsets in the frontal plane moments changed
due to the harmonization with differences observed during 23-36% of gait cycle (statistical parametric mapping analysis:
P < 0.01). Besides this, the discrete gait parameters first peak and range of the frontal plane moments became significantly
different between the laboratories.

The muscle activation patterns during gait of patients with KOA of both laboratories after protocol harmonization are
shown in Figure 4. The phase shifts between the laboratories in the muscle activation patterns were reduced from —3% to
8% of gait cycle to —1% to 5% of gait cycle (Table 2). Furthermore, the statistical parametric mapping analysis presented
no differences in the medial and lateral hamstring patterns (P > 0.05). Furthermore, all discrete gait parameters of the muscle
activation patterns became comparable due to the harmonization (P > 0.07). The additional analysis with extra covariates
(Supplementary Table S2, e.g., BMI, KL grades, WOMAC pain and hamstrings strength) revealed a similar range of motion
of the frontal plane angle (P = 0.07) and more alike discrete gait parameters of the frontal plane moments (P > 0.16).

4. Discussion

The aim of the study was to perform an inter-laboratory comparison of knee biomechanics and muscle activation patterns
during gait of patients with KOA. Offsets and phase shifts were present when comparing gait data of patients with KOA
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Figure 2. Muscle activation patterns of patients with knee osteoarthritis previously measured at Virtual Reality Laboratory at the VU medical center (Vumc;
solid line, green) and Dalhousie University (DAL; dotted line, black). The solid line represents the mean and the shaded area the standard deviation. The bar
on top of each graph indicates a significant difference (black) or no significant difference (white) between the labs determined with SPM. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

between the laboratories, which can partly be explained by differences in gait analysis protocols. A first step in harmoniza-
tion of the protocols was made by aligning components of the data processing. This resulted in an improved similarity of the
muscle activation patterns and a reduction of the phase shifts. Harmonization of gait analysis protocols is therefore
recommended.

The results of this study demonstrate that inter-laboratory differences affect the comparison of gait data from patients
with KOA. In agreement with studies investigating healthy subjects, the results of the healthy subject measured in this study
showed that different marker placement and anatomical frame definitions contribute to these inter-laboratory differences
[15,16]. This could also partly explain the remaining offsets in knee biomechanics in the inter-laboratory comparison of
the patients after partial protocol harmonization, because the anatomical frame definitions and marker placement could
not be fully harmonized for the previously measured patient data. Other components of the protocols also affected the
inter-laboratory comparison, such as filter characteristics, knee moment calculation and initial contact identification. In par-
ticular, the inter-laboratory comparison of the muscle activation patterns improved after alignment of the filter character-
istics and initial contact identification. Therefore, we recommend that future gait studies using electromyography (EMG)
come to a consensus on which filter characteristics and initial contact identification to use. Unfortunately, not all inter-
laboratory differences in the knee biomechanics and muscle activation patterns of the patient data could be fully explained
by differences in the data-processing. For instance, the offsets in the sagittal plane angles and the phase shifts in the muscle
activation patterns were still present (although reduced) after partial protocol harmonization. Statistically correcting for
potential covariates between the patient groups (e.g., BMI, KL grades, WOMAC pain) did not have an effect on these inter-
laboratory differences. Therefore, components of the data collection or measurement setup could have had an effect, such
as barefoot vs. shod walking (e.g., higher range of motion during stance of the sagittal plane angles during shod walking)
[32] or wired vs. wireless EMG (e.g., possible delay in data transfer). Further investigation by measuring a large group of
patients at both laboratories could assist in determining whether these remaining inter-laboratory differences are caused
by components of the data collection or measurement setup or are due to differences in patient characteristics. Thus the
quality of comparison of patient data between gait laboratories in future research is warranted.

Further harmonization of gait analysis protocols of laboratories with similar research interests requires international col-
laboration. This opens the question of where to start with the protocol harmonization. A first step would be to agree on the
same gait outcomes, by calculating the same set of discrete gait parameters, by using statistical parametric mapping analyses
to compare each point of the gait cycle or both. Furthermore, laboratories/researchers must provide a healthy control group
for their protocol as a reference comparison with the patient group. Next, inter-laboratory comparisons are needed to inves-
tigate which components in the gait analysis protocols cause large inter-laboratory differences and are relatively easy to har-
monize. For example, it is easier to align the anatomical frame definitions in the post-processing than changing an EMG
system to be identical between the laboratories. Furthermore, these inter-laboratory comparisons will also provide insight
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Figure 3. Knee angles and moments of patients with knee osteoarthritis previously measured at Virtual Reality Laboratory at the VU medical center (Vumc;
solid line, green) and Dalhousie University (DAL; dotted line, black) after protocol harmonization. The line represents the mean and the shaded area the
standard deviation. The bar on top of each graph indicates a significant difference (black) or no significant difference (white) between the labs determined
with SPM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

into which gait outcomes are less affected by inter-laboratory differences and are already robust enough to be used to com-
pare outcomes between studies. After investigation of these inter-laboratory differences, a consensus needs to be reached on
the harmonization of the components of the gait analysis protocols. For example, consensus needs to be reached on which
marker model(s) to use and on how to define the anatomical frames in the segments in order to prevent offsets in the knee
biomechanics. Lastly, because offsets or phase shifts caused by differences in measurement setup might not be easy to
resolve by consensus, a conversion method could possibly be used as an alternative to translate the gait datasets from
one lab to another [33]. This incremental harmonization process of the gait analysis protocols will improve objective assess-
ment of knee function during gait in patients with KOA and provide the opportunity to merge or share gait datasets for large
international multicenter trials.

This study has some limitations. Firstly, only one healthy subject was measured at both locations to identify protocol
components in need of harmonization. However, because measurements of subjects at both locations are costly and
time-consuming, we think this is sufficient as a first step in our protocol harmonization. A future study, testing a large group
of healthy subjects and KOA patients at both locations could then validate the harmonization steps taken to improve the
inter-laboratory comparison. Secondly, this inter-laboratory comparison is performed with patients with KOA, therefore dif-
ferences in disease severity (KL grades) and symptoms of the disease (pain, stiffness, instability) could also affect the gait
outcomes and explain differences between laboratories. However, studies investigating patients with different KL grades
did not present these systematic offsets (offsets and phase shifts) in their gait outcomes [17,34,35]. Thirdly, only two gait
laboratories were compared. Therefore, the differences observed between these laboratories could be lab-specific and not
generalizable to other gait laboratories. However, awareness has been created that inter-laboratory differences in gait out-
comes exist, which could initiate other research groups to also perform inter-laboratory comparisons.

5. Conclusions

This inter-laboratory comparison of knee biomechanics and muscle activation patterns during gait of patients with KOA
demonstrated offsets and phase shifts. A first step in protocol harmonization was performed by alignment of components of
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Figure 4. Muscle activation patterns of patients with knee osteoarthritis previously measured at Virtual Reality Laboratory at the VU medical center (Vumc;
solid line, green) and Dalhousie University (DAL; dotted line, black) after protocol harmonization. The line represents the mean and the shaded area the
standard deviation. The bar on top of each graph indicates a significant difference (black) or no significant difference (white) between the labs determined
with SPM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the data processing, which improved the inter-laboratory comparison, especially for the muscle activation patterns. Harmo-
nization of gait analysis protocols is therefore recommended. Close collaborations from the gait lab community are needed to
enable combined gait databases and multicenter trials. This will improve the objective assessment of knee function during
gait in patients with KOA thereby enabling evidence-based evaluation of KOA treatments and prevention strategies.
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