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General introduction

General introduction

Osteoarthritis (OA) is one of the most common causes of disability*. Worldwide, it is estimated
that10-18%of peopleolderthan6oyearshave OA>. Withanaging populationandaconcomitant
increase in risk factors for OA (e.g. obesity? and incidence of joint injuries?), the prevalence of
OA is expected to rise with 36% until 20405 Due to the combination of high prevalence and
high disability, the individual and socioeconomic burden of OA is enormous®. Besides high (in)
direct health-care costs’, particularly those associated with knee and hip replacement?, the
individual burden related to loss of function, activity limitations, and reduced quality of life
is substantial®. Roughly four in five people with lower-extremity OA reports to have problems
with activities of daily living, and more than 70% reports problems with outdoor mobility®.
Unsurprisingly, improving mobility — specifically walking — is considered a main treatment
goal by individuals with end-stage lower-extremity OA**, However, an objective indicator
for mobility is currently lacking in the clinical evaluation of individuals with lower-extremity
OA. This thesis will therefore focus on the evaluation of walking in individuals with lower-
extremity OA, both before and after total knee or hip replacement. The results of this thesis
may assist in establishing objective measures of mobility that could be implemented in future
clinical evaluation of individuals with lower-extremity OA.

Osteoarthritis: whatisit?
Osteoarthritis is characterized by degradation of articular cartilage. It predominantly affects
weight-bearing joints such as the knee and hip (Figure 1), but is also common in the hand®.

Instead of manifestation of OAin just one joint, otherjoints are also frequently involved*4. For
example, in a population of individuals with knee pain, 26% had bilateral knee OA®. Another
study reported that only 18% of individuals scheduled for knee replacement and 13% of
individuals scheduled for hip replacement had unilateral OA*.

Signs of osteoarthritis:

Cartilage degradation
Osteophytes

Joint inflammation
Joint space narrowing
Bone sclerosis

Figure 1: schematic overview of structural manifestation of osteoarthritis in the knee and hip
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Traditionally, lower-extremity OA has been considered a ‘wear-and-tear’ problem of articular
cartilage. More recent insights have contributed to an evolution of this definition to one
involving degeneration of the whole joint, including structures such as subchondral bone,
ligaments, capsule, synovium, and periarticular muscles®¢. While the exact pathophysiology
remains to be elucidated, lower-extremity OA is considered to be a multifactorial disease?.
Numerous different pathways, including mechanical®!, inflammatory®, genetic*, and
metabolic factors®, may together lead to a disbalance between destruction and repair of
structuresin and around the joint. In a small number of cases (i.e. approximately 12%%) lower-
extremity OA is post-traumatic, being attributable to joint injuries such as intra-articular
fractures, ligament ruptures, or meniscal tears.

Generally, lower-extremity OA is a progressive disease in which the joint slowly starts to
degenerate and pain complaints gradually increase. The pace of progression of radiological
features® and pain®, however, varies considerably between individuals, with some people
having astable situation formanyyears. When people have severe pain complaints, are limited
in their daily activities, and have clear narrowing of the joint space, they are considered to
have end-stage OA%,

Researchers have attempted to define distinct phenotypes based on shared disease
characteristics within subgroups of people with OA®*. Such phenotypes could provide
guidancein predicting who is likely to show disease progression, and who may benefit from a
certain treatment modality. Different determinants, including imaging, biochemical markers,
and clinical characteristics have been used to try to delineate these subgroups. In a previous
review, six clinical phenotypes were identified: 1) chronic pain, 2) inflammatory, 3) metabolic
syndrome, 4) bone and cartilage metabolism, 5) mechanical overload, and 6) minimal joint
disease?. However, the use of these phenotypes for clinical or research purposes is not yet
sufficiently supported®, as their validation is lacking and individuals can be part of multiple
subgroups®.

Despite the recognized complexity in underlying etiology of OA, its symptoms are frequently
shared betweenindividuals. Common symptomsoflower-extremity OAincludejoint pain,joint
stiffness, joint instability, joint swelling, muscle weakness, and fatigue. Of all symptoms, pain
is experienced as the most disabling one®. Interestingly, pain complaints are poorly correlated
with radiographic severity of OA, and not all individuals with OA develop pain complaints3.
Which factors drive the development of pain in individuals with OA is not yet clear®, but both
central and peripheral sensitization processes are thought to play a role in this2.

For individuals with lower-extremity OA, pain complaints can lead to substantial limitations
in daily functioning. Amongst others, individuals with OA may have difficulty climbing stairs,
walking, and rising from a chair®34. Moreover, pain is an important barrier for people with OA
to engage in physical activity®. A previous meta-analysis found that only 19% of individuals
with knee OA and 30% of individuals with hip OA reached the recommended total of 10,000
steps a day*®. Compared to healthy peers, individuals with OAwere 25% less physically active3*.
Limited physical activity leads to further worsening of OA symptoms and is also detrimental
for many other health parameters¥. Hence, maintaining a good level of physical activity is
essential for individuals with lower-extremity OA.

General introduction

Walking is one of the most vital human physical activities. Not only is gait speed predictive
of many essential health parameters3, good walking ability is also crucial for participation
in our society®. Furthermore, taking more steps in daily life has been associated with a lower
risk of functional limitation in individuals with knee OA%. Individuals with lower-extremity
OA often report to have problems with walking4, For example, they take less steps during
daily life+>43, walk slower++45, and are limited in their maximum walking distance®. In addition,
numerous studies highlight aberrant joint kinematics* and kinetics#4® compared to healthy
age-matched controls. These gait deviations can be the result of different factors including
pain, stiffness*, muscle weakness*°, and the sense of joint instability>. In addition, other
symptoms including reduced proprioceptions® and changes in central and neuromuscular
control* may account for problems with maintaining balance during walking54. Together,
these symptoms could be linked to the increased fall risk that has been observed inindividuals
with lower-extremity OAss7.

Currently, no curative treatment for lower-extremity OA is available. Treatment modalities
are focused on controlling or relieving pain, slowing the progression of OA, and improving
physical functioning and quality of life. Based on a stepped care approach3, a combination
of self-management, lifestyle modifications (e.g. dietary, exercise), physiotherapy, pain
management, and unloading therapies can be considered. When conservative treatment
has failed or effects have worn off, surgical management by knee or hip arthroplasty can
be considered. Joint arthroplasty is an increasingly common and cost-effective treatment
for individuals with end-stage OA%, with more than 21,000 total knee arthroplasties (TKA)
and 31,000 total hip arthroplasties (THA) being performed each year in The Netherlands®.
The clinical indication for joint arthroplasty is based on 3 main indicators: 1) radiologically
confirmed cartilage degeneration (i.e. Kellgren Lawrence score 2 2), 2) self-reported pain that
impacts quality of life and participation, and 3) limitationsin daily life activities due to pain®,

For individuals with end-stage lower-extremity OA, clinical evaluation concerns the review
of medical history, self-report of pain and functional limitations, physical examination, and
radiological imaging. After joint replacement, additional attention is being paid to safety
(e.g. complications, implant placement) and the recovery of pain and physical function.
Furthermore, since 2013, patient-reported outcome measures (PROMs) are routinely collected
after total joint arthroplasty in the Dutch registry of orthopedic implants (i.e. LROI).

In general, evaluation of functional limitations in individuals with lower-extremity OA is
strongly dominated by self-report, which may be biased by psychosocial factors® and daily
fluctuations in symptoms®4. Furthermore, someone’s perceived abilities may be discordant
from their actual performance of a task®. Objective parameters related to physical
functioning, however, are currently lacking in clinical evaluation and decision making. Given
that 8-20% of individuals after total hip and knee replacement are dissatisfied with their
treatment outcome®*, there may be room for improvement in clinical decision making.
Availability of objective data on physical functioning could contribute to more realistic pre-
operative expectations, a better indication, and improved follow-up of individuals scheduled
for joint arthroplasty. In particular, the evaluation of walking may be of interest here, due to

11
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the importance of walking improvement to individuals scheduled for joint replacement®*
and its overall relevance to daily functioning.

According to International Classification of Functioning, Disability and Health (ICF)%, the
evaluation of walking can be subdivided in two distinct domains, being: 1) gait capacity (‘what
person can do in a standardized, controlled environment) and 2) gait performance (‘what a
person actually does in his/her own daily environment’). Perception (i.e. ‘what people think
they can do and actually do’) has later been added as a separate component to this model by
Maetzler et al.% (Figure 2). As outcomes in these three domains are not necessarily the same,
combining them is essential to get a complete overview of someone’s walking ability.

Health Status
]
Body structures Participation
and function

1 1 1
] ]
Environmental Personal factors

factors

Figure 2: ICF framework. Adapted from: Maetzler et al.%

Sufficient gait capacity is a prerequisite for good gait performance. For an optimal gait
capacity, there are three main requirements: 1) stepping, 2) dynamic balance, and 3) gait
adaptability’°(Figure 3).

Stepping comprises the ability to generate a cyclical pattern of limb movements to move
the body forward, often referred to as “the gait cycle” Stepping can be characterized
using outcomes related to 1) spatial and/or temporal features of stepping behavior (i.e.
spatiotemporal parameters), 2) joint motion during stepping (i.e. kinematics), and 3) forces
that drive stepping behavior (i.e. kinetics).

Dynamic balance is the mechanism that controls the body’s center of mass (CoM) within
the limits of a constantly moving base of support (BoS) during walking. This mechanism is
needed to ensure stable walking, and to prevent falling. This also includes the ability to deal
with (un)expected perturbations during walking, and the responses that are needed to regain
stability. Dynamic balance can be achieved by modulating foot placement, shifting the center
of pressure under the stance foot, and by changing the angular momentum of body segments
around the CoM™,

General introduction

Gait adaptability refers to the ability to make proactive changes in our walking behavior that
are needed to deal with the continuously changing demands of the environment. This may, for
example, include adaptations in gait pattern when avoiding an obstacle, when walking over
irregular surfaces, or when walking in an area with busy traffic. Although gait adaptability is
an important component of gait capacity, it falls beyond the scope of this thesis.

Dynamic

Stepping Balance

Gait
Adaptability

Figure 3: Tripartite model for assessment of gait capacity. Adapted from: Balasubramanian et al.”.

In contrast to gait capacity, gait performance encompasses what people do in their own,
habitual environment. While gait capacity is typically measured in supervised and controlled
environments such as gait laboratories, these assessments do not reflect the demands of our
actual daily life environment and may, thus, lack ecological validity. In everyday life, there are
many external factors and distractions that require modification of the gait pattern, which are
typically absentin the laboratory. In addition, daily life walking is composed of many different
gait bouts with varying lengths. Long bouts of straight-ahead walking, at best resembled
through evaluations on a treadmill, are relatively uncommon in daily life. For instance, only
6.1% of total gait bouts in daily life are longer than 2 minutes?. Furthermore, steps during
turning can make up 8-50% of total steps, depending on the specific type of environment?.
Unsurprisingly, previous studies have found that gait speed measured in a clinical setting
(i.e. capacity) merely weakly correlated with gait speed in daily life (i.e. performance)”7s. This
highlights the importance of evaluation of gait performance, in addition to gait capacity.

Due to advances in the development and miniaturization of wearable sensors, inertial
measurement units (IMUs) have become a viable method for human motion analysis. IMUs
are sensors that contain 3D accelerometers, gyroscopes, and sometimes magnetometers. For
gait assessment, these sensors are typically placed on the lower back or feet. Using the signals
derived from IMUs, periods of physical activity and sedentary behavior can be identified?.
Furthermore, walking periods, so-called ‘gait bouts), can be detected and spatiotemporal
gait parameters can be computed. Besides spatiotemporal parameters, kinematics can be
obtained from IMUs when sensors are placed on the trunk, pelvis, thigh, tibia, and/or feet”.
Overall, the reliability and validity of IMUs to measure spatiotemporal gait parameters has

13
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been good to excellent’. Typically, accuracy of temporal parameters is good?, but accurately
obtaining spatial parameters remains more challenging due to for example sensor drift”. The
biggest advantage of IMUs compared to optical motion analysis systemsisthatdata collection
is not restricted to a fixed laboratory environment. In addition, set-up time is relatively short,
handling of the equipment does not require highly specialized knowledge, and data collection
can be extended to longer periods. Thus, gait capacity and gait performance measures can be
obtained in clinical settings orin someone’s home environment by IMUs.

Aim and outline of this thesis

The general aim of this thesis is to comprehensively evaluate walking, including gait capacity
and gait performance, in individuals with lower-extremity OA, before and after total joint
replacement. In chapter 2, | start with the description of a cross-sectional study in which gait
capacity is measured with IMUs in individuals with knee or hip OA, and healthy older adults.
From alarge number of possible outcome measures, non-redundant and sensitive parameters
indicative of gaitimpairmentinindividuals with lower-extremity OA are identified. In chapter
3,a systematic evaluation of the literature studying gait of individuals with knee OA with IMUs
is provided. A meta-analysis is conducted to identify parameters that are sensitive to the gait
impairment presentin knee OA. The results from these first two studies help to select outcome
measures to evaluate recovery of gait capacity after TKAand THA in chapter 4. In this chapter,
| also compare recovery trajectories of self-reported scores of pain and physical functioning
with those of gait capacity parameters to better understand the relationship between these
two domains. In chapters 5 and 6 dynamic balance control and gait performance are studied
in a new cohort of individuals with knee OA scheduled for cruciate retaining TKA. In chapter
5, dynamic balance control of individuals with knee OA is addressed. By comparing balance
recovery responses to anteroposterior and mediolateral treadmill perturbations between
individuals with knee OA and healthy older adults, insight in the impact of lower-extremity OA
on balance control is obtained. In chapter 6,1 compare gait performance between individuals
with knee OA and healthy older adults using IMUs. The results of this study provide relevant
parameters of daily life functioning for future follow-up after TKA. In chapter 7, | summarize
and discuss the work described in this thesis. Furthermore, the implications of this research
for clinical practice and new directions for future research are presented.
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Abstract

Although it is well-established that osteoarthritis (OA) impairs daily life gait, objective gait
assessments are not part of routine clinical evaluation. Wearable inertial sensors provide an
easily accessible and fast way to routinely evaluate gait quality in clinical settings. However,
during these assessments, more complex and meaningful aspects of daily life gait, including
turning, dual-task performance, and upper body motion, are often overlooked. The aim of this
study was therefore to investigate turning, dual-task performance, and upper body motion in
individuals with knee or hip OA in addition to more commonly assessed spatiotemporal gait
parameters using wearable sensors.

Gaitwas compared between individuals with unilateral knee (n=25) or hip OA (n=26) scheduled
for joint replacement, and healthy controls (n=27). For 2 minutes, participants walked back
and forth along a 6-meter trajectory making 180° turns, with and without a secondary
cognitive task. Gait parameters were collected using 4 inertial measurement units on the feet
and trunk. To test if dual-task gait, turning, and upper body motion had added value above
spatiotemporal parameters, a factor analysis was conducted. Effect sizes were computed as
standardized mean difference between OA groups and healthy controls toidentify parameters
from these gait domains that were sensitive to knee or hip OA.

Four independent domains of gait were obtained: speed-spatial, speed-temporal, dual-task
cost, and upper body motion. Turning parameters constituted a gait domain together with
cadence. From the domains that were obtained, stride length (speed-spatial) and cadence
(speed-temporal) had the strongest effect sizes for both knee and hip OA. Upper body motion
(lumbar sagittal range of motion), showed a strong effect size when comparing hip OA with
healthy controls. Parameters reflecting dual-task cost were not sensitive to knee or hip OA.

Besides more commonly reported spatiotemporal parameters, only upper body motion
provided non-redundant and sensitive parameters representing gait adaptations in
individuals with hip OA. Turning parameters were sensitive to knee and hip OA, but were
not independent from speed-related gait parameters. Dual-task parameters had limited
additional value for evaluating gait in knee and hip OA, although dual-task cost constituted
a separate gait domain. Future steps should include testing responsiveness of these gait
domains to interventions aiming to improve mobility.

Independent measures of gait capacity in knee and hip OA

Introduction

Itiswell-recognizedthatosteoarthritis (OA)of thekneeorhipimpairsgait*Indeed,individuals
with knee or hip OA walk less during daily life and their quality of gait is compromiseds. Yet,
objective gait assessments are not part of routine clinical evaluation, and gait difficultiesin OA
are insufficiently captured by patient-reported outcome measures®®, In part, this may be due
to limited time available during clinical visits, considering that gait analysis is traditionally
conducted in a gait laboratory, making it time consuming and not easily accessible. Recent
advancesininertial sensortechnology have opened up new avenues to quickly and objectively
assess gait quality in a clinical setting.

Small inertial measurement units (IMUs) can be used to quickly and accurately obtain gait
parameters without being restricted to a fixed (laboratory) environment®®. Moreover,
compared to gait analysis in a lab, substantially more strides can be collected in a shorter
period of time. On the downside, an important issue of gait assessment with IMUs is that
it typically results in a large number of outcome parameters, with numerous correlated
parameters. For example, many gait parameters share covariance with gait speed*. Hence,
for clinical implementation, it is important to identify gait parameters from independent gait
domainsthat best describe the gaitadaptationsinindividuals with knee and hip OA compared
to healthy controls.

So far, ambulatory gait assessments in individuals with knee and hip OA have mostly been
limited to simple, straight-ahead walking paradigms®. Parameters reflecting more complex
and relevant aspects of gait, including dual-task gait, turning, and compensatory trunk
motion are less frequently reported in studies using IMUs. Turning and dual-task performance
have been shown to be important aspects of daily life ambulation in elderly populations and
can easily be assessed using wearable sensors2°, Turning is a common cause of falling in
community dwelling elderly, and may be more sensitive to sensorimotor impairments than
straight-ahead gait***. Dual-task performance, on the other hand, reflects the amount of
attentional resources allocated to gait®. In order to compensate for gait difficulties caused
by OA, a strategy could be to allocate more attention to gait. The extent to which a secondary
cognitive task affects gait performance (i.e. dual-task cost (DTC)) may therefore be larger in
individuals with OA. A recent scoping review indicated that DTC was not different between
individuals with knee OA and healthy controls during quiet standing and forward induced
falls, However, DTC during gait has not yet been compared between those groups. A third
gap in literature regarding wearable sensors and OA is the lack of attention for upper body
movement. Upper body motion is important for maintaining stability, but may also be
indicative of compensatory gait changes that reflect OA-related pain or disability?+*.

The aim of this study was therefore to investigate turning, dual-task performance, and upper
body motion in addition to spatiotemporal gait parameters in individuals with knee or hip OA,
taking shared covariance between gait parameters into account. More specifically, we aim to
test if 1) turning, dual-task gait, and upper body motion constitute independent domains of
gaitin our sample, and 2) gait parameters in these gait domains can discriminate individuals
with knee or hip OA from healthy controls. Together, these findings may contribute to a better
understanding of the multidimensional aspects of gait, and how this is affected in knee and
hip OA.
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Methods

In this cross-sectional, comparative study 78 participants were included. The total study
population comprised three groups: individuals with unilateral knee OA (n=25), unilateral
hip OA (n=26), and healthy controls (n=27). Samples were derived from a longitudinal study
investigating gait before and after total knee and hip arthroplasty that was powered for the
comparison of spatiotemporal gait characteristics between individuals one year after total
knee or hip arthroplasty and healthy controls. Individuals with OA were recruited at the Sint
Maartenskliniek and were included if they had both radiological and symptomatic OA and
were listed for joint replacement surgery. Participants had to be able to walk for more than 2
minutes without the use of any assistive device. Exclusion criteria were: 1) expectancy of joint
replacement within a year, or symptomatic OA, in another weight-bearing joint than the joint
scheduled for surgery, 2) BMI > 40 kg/m? and 3) any other musculoskeletal or neurological
impairment interfering with gait or balance. Healthy controls were recruited from the
community and did not have a clinical diagnosis of knee or hip OA, nor did they have any pain
in the lower extremities. Healthy controls were recruited in the same age range as individuals
with OA. Exclusion criteria for healthy controls were the same as for individuals with knee and
hip OA. Informed consent was obtained from all participants prior to testing. Ethical approval
was obtained from the CMO Arnhem/Nijmegen (2018-4452). All study methods were carried
outin accordance with the Declaration of Helsinki.

Evidence for radiological OA was provided by the Kellgren and Lawrence (KL) score as assessed
by experienced orthopedic surgeons?. Anthropometric characteristics were obtained
during the pre-operative screening visit and were summarized as mass, length, and BMI.
For individuals with knee and hip OA, self-reported functioning was assessed using the Knee
Injury and Osteoarthritis Outcomes Score (KOOS) or Hip Disability Osteoarthritis Outcome
Score (HOOS)?®, All items were scored on a zero to four Likert scale. For the five subscales,
total scores were transformed to a 0-100 scale, with 100 representing best function.

Gait parameters were collected on the same day as the pre-operative screening visit, which
took place approximately 1 to 2 months prior to surgery. Four IMUs (Opal V2, APDM Inc.,
Portland, OR) were used to obtain segment accelerations and angular velocities (sample
frequency = 128 Hz). Sensors were attached via elastic straps to the dorsum of both feet,
the waist (sacrolumbar level), and the sternum (Figure 1) according to the standardized
sensor placement of MobilityLab. Participants walked wearing flat shoes at a self-selected
comfortable speed. For a duration of 2 minutes, participants walked back and forth along a
6-meter trajectory making 180° turns (Figure 1). Two 2-minute trials were collected, with and
without a secondary cognitive task. The cognitive task consisted of an alternating alphabet
task, citing every other letter of the alphabet. Single-task walking was always performed
before the dual-task condition. Responses to the cognitive task were recorded by the assessor.
Accuracy on the cognitive task was summarized as correct responses (percentage of total
responses). DTC was computed as the percentual change of dual-task performance relative
to the single-task for the following parameters: gait speed, cadence, stride length, stride time
variability, and turn duration.

Independent measures of gait capacity in knee and hip OA
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Figure 1: Overview of the experimental set-up. Four IMUs were attached to the dorsum of both feet,
lumbar level (L4/Ls) of the waist, and the sternum. For 2 min, subjects walked back and forth over the 6 m
trajectory, making 180 degree turns.

Data analysis

Gait parameters were extracted from the raw IMU signals using the commercially available
and validated Mobility Lab v2.0 software package*. Mobility Lab uses a state space model
with causal Kalman filter along with zero velocity updates for optimal orientation estimation.
Range of motion metrics were described for both the lumbar and trunk sensors using the
gyroscope signals. As such, these measures are representative of the rotation of the sensors,
which is caused by the movement of the underlying segments. For parameters where side was
relevant (i.e. foot elevation at midswing, lateral step variability, circumduction, foot strike
angle,toe offangle,and stance duration), we analyzed the affected leg in individuals with knee
or hip OA, whereas for healthy controls the average value from the left and right leg was taken.
Gait parameters were initially selected based on reliability, theoretical considerations, and
completeness (<20% missing values). Based on the reliability criterium, we excluded stance
and swing duration as percentage of gait cycle3:. With regard to theoretical considerations,
the following decisions were made: 1) in case gait parameters reflected the same outcome
(e.g. gait cycle duration and cadence) only one parameter was kept for further analysis, 2)
asymmetry parameters were restricted to meaningful parameters (i.e. stride length cannot
be asymmetric when walking over a straight path)32. DTC of gait parameters that are ratios (i.e.
asymmetry values) were notincluded in orderto preventinflated values, except for stride time
variability, due to the substantial number of other studies evaluating this parameter in the
context of fall risk®. This resulted in twenty-five gait parameters entered into factor analysis
to identify correlated outcomes.

Exploratory factor analysis was used to identify independent gait domains explaining the
variance in gait. Adequacy of the dataset for factor analysis was tested using Barlett’s test of
sphericity and the Kaiser-Meyer-Olkin (KMO) test. In case individual KMO values were lower
than o.5, variables were removed from the analysis34. The number of factors to be retained for
further analysis was determined using the Kaiser criterium (eigenvalue > 1.0)%. Subsequently,
factor analysis with varimax rotation was performed to obtain orthogonal factor scores.
Within a factor, gait parameters were considered relevant when they met a minimum factor
loading of 0.5.
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For each relevant gait parameter in the obtained factor, effect sizes were computed as
standardized mean differences (SMD) for the comparison between the OA groups and healthy
controls (knee OA vs healthy controls and hip OA vs healthy controls). The gait parameter with
the highest factor loading in combination with an effect size larger than 0.5 was considered
non-redundant and sensitive to either knee or hip OA. For these gait parameters, individual
datapoints and means with 95% confidence intervals (Cl) were constructed using estimation
graphs to assess between-group differences®.

For demographic and clinical parameters, main group effects (3 levels: knee OA, hip OA,
healthy controls) were tested using a one-way ANOVA or non-parametric equivalent when
assumptions for parametric testing were not met. In case of a significant main effect, a post-
hoc comparison was conducted using independent samples Student’s t-test or the non-
parametric equivalent. Data was considered statistically significant at an alpha level of 0.05,
which was adjusted for multiple comparisons (n=9) for the gait parameters. This resulted in
a Bonferroni adjusted alpha level of 0.0056. Data analysis was performed using STATA and
custom-written Python scripts incorporating the DABEST library3”.

Results

Age, sex,and heightdid notdiffer between OAgroups and healthy controls (Table 1). Individuals
with knee OAhad—on average—a9kg(95% Cl: 2-16; p=0.014) higher mass compared to healthy
controls. This difference was 12 kg (95% Cl: 3-20; p=0.007) between individuals with hip OAand
healthy controls. For individuals with knee OA, this translated into a 2.8 kg/m? (95% ClI: 0.9-
4.7; p=0.005) higher mean BMI compared to the control group, whereas the mean BMI was
2.4 kg/m?(95% ClI: 0.1- 4.7; p=0.043) higher in individuals with hip OA. Severity of radiographic
OA was moderate to severe OA (KL = 3 or 4) in both groups. Furthermore, accuracy on the
secondary cognitive task was comparable between individuals with knee (mean: 84%) or hip
OA (mean: 87%) and healthy controls (mean: 89%). KOOS and HOOS scores indicated presence
of pain, disability, and limited quality of life in individuals with knee and hip OA (Table 1). Gait
parameters were based on 32 valid strides (95% Cl: 29 — 36) in individuals with knee OA, 34
valid strides (95% Cl: 31—37) in individuals with hip OA, and 30 valid strides (95% Cl: 27—-34) in
healthy participants.

Table 1: Demographic and clinical characteristics of all three subject groups.
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Data are presented as mean [95% Cl]. Significant differences are bold.
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Kellgren and Lawrence, BMI =

= osteoarthritis, KL
osteoarthritis outcome score.

Note: OA
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Twenty-five gait parameters were entered into the factor analysis (Figure 2). Based on
individual KMO values, the following variables were removed from further analysis: DTC of
stride length, trunk transverse range of motion (RoM), lateral step variability, toe-out angle,
and foot elevation at midswing. Factor analysis of the remaining twenty parameters yielded
four orthogonal factors accounting for 87.8% of the total variance in gait (Table 2). The factors
were described as speed-spatial, speed-temporal, dual-task cost, and upper body motion. Gait
speed had a cross-loading on the factors speed-spatial (0.759) and speed-temporal (0.579).
Turning parameters loaded on the factor speed-temporal. In the upper body motion domain,
factorloadings of the parameters were relatively low, ranging between 0.53 and 0.61.

Pre-selected gait parameters (n=25)

1. Cadence (steps/min) 14. Lumbar sagittal RoM (deg)
2. Elevation at midswing (cm) 15. Lumbar transverse RoM (deg)
3. Lgteral step variability (cm) 16. Trunk coronal RoM (deg)

4. Circumduction (cm) 17. Trunk sagittal RoM (deg)

5. Foot strike angle (deg) 18. Trunk transverse RoM (deg)
6. Toe off angle (deg) 19. Turn duration (s)

7. Stance duration (%) 20. Turns — peak velocity (deg/s)
8. Toe out angle (deg) 21. DTC cadence (%)

9. Stride time CV (%) 22. DTC stride time CV (%)

10. Gait speed (m/s) 23. DTC gait speed (%)

11. Step duration Asymmetry (%) 24. DTC stride length (%)

12. Stride length (m) 25. DTC turn duration (%)
13. Lumbar coronal RoM (deg)

Removed based on individual KMO values (n=5)
1. DTC stride length 0.287
2. Trunk transverse RoM 0.327
3. Lateral step variability 0.453
4. Toe-out angle 0.435
5. Foot elevation at midswing 0.479

Factor analysis (n=20)
. Speed — spatial
. Speed — temporal
. Dual task cost
. Upper body motion

A WON -

Variables retained (SMD > 0.5):

. Cadence (steps/min)
. Stride length (m)
. Lumbar sagittal RoM (deg)

WN =

Figure 2: Flowchart describing the selection process of gait parameters. Note: foot elevation at
midswing = height of the foot sensor at mid-swing, lateral step variability=spatial deviation in the
lateral direction of each foot compared to previous steps, circumduction=amount that the foot travels
perpendicular to forward movement during the swing phase
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Table 2: Item loadings obtained from the factor analysis (n=4) with varimax rotation.

Gait parameters Speed-spatial Speed-temporal Dual-task cost Upper body motion
Stride Length (m) 0.907 0.270 0.050 -0.000
Gait Speed (m/s) 0.759 0.579 0.170 -0.062
Foot Strike Angle (deg) 0.742 0.120 -0.161 0.257
Toe Off Angle (deg) 0.628 0.267 0.129 -0.233
Stride Time CV (%) -0.596 -0.260 -0.077 -0.051
Cadence (steps/min) 0.203 0.830 0.284 -0.163
Turns - Peak velocity (deg/s) 0.420 0.745 -0.090 0.102
Turn Duration (s) -0.453 -0.704 0.108 0.092
DTC Cadence (%) 0.067 0.010 0.935 0.047
DTC Gait Speed (%) 0.060 0.107 0.921 0.057
Lumbar Sagittal RoM (deg) 0.113 -0.159 0.028 0.611
Lumbar Transverse RoM (deg) 0.029 0.134 0.131 0.562
Trunk Sagittal RoM (deg) 0.008 -0.221 0.111 0.543
Trunk Coronal RoM (deg) -0.049 -0.123 -0.008 0.528
Explained variance (%) 30.0 22.5 20.7 14.6

Note: Barlett’s test of sphericity confirmed absence of an identity matrix (x? (190) = 1447.09, p < 0.001). Suitability of the dataset
wasindicated by the Kaiser-Meyer-Olkin measure, which was 0.666. Together the four factors explained 87.8% of the variance
inoursample.

CV = coefficient of variation, DTC = dual-task cost, RoM = range of motion.

SMDs for the comparison between OA groups and healthy participants are visualized for all
gaitparametersin Figure 3.Based onthe criterium for effect size, the following gait parameters
were selected to represent the corresponding factors: stride length (speed-spatial), cadence
(speed-temporal), and lumbar sagittal RoM (upper body motion). Although the factor DTC
explained 20.7 % of the total variance in gait, none of the gait parameters within this factor
showed an effect size larger than 0.5 (Figure 3). Gait speed showed the largest effect size for
both the comparison between knee OA and controls (SMD = 1.59) and hip OA and controls
(SMD = 1.70). However, due to cross-loadings on factors speed-spatial and speed-temporal,
gait speed was not prioritized over stride length and cadence. In addition, many of the gait
parameters from the factor speed-spatial and speed-temporal showed large effect sizes (SMD
> 0.8) for both group comparisons.
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Knee OA group

Hip OA group

Gait Speed (m/s)

Stride Length (m)

Speed - spatial Toe Off Angle (deg)
Foot Strike Angle (deg)

Stride Time CV (%)

Gait Speed (m/s)

Toe Off Angle (deg)
Stride Length (m)
Stride Time CV (%)
Foot Strike Angle (deg)

Cadence (steps/min) Turn Duration (s)

Speed - temporal Turn Duration (s) Cadence

Turn Peak Velocity (deg/s) Tum Peak Velocity (deg/s)
DTC Gait Speed (%) DTC Gait Speed (%)

DTC Cadence (%) DTC Cadence (%)

Trunk Coronal RoM (deg) .
Trunk Sagittal RoM (deg)
Lumbar Sagittal RoM (deg)

Dual task cost

Lumbar Sagittal RoM (deg)
Lumbar Transverse RoM (deg)
Upper body motion

Trunk Coronal RoM (deg)
Trunk Sagittal RoM (deg)

0 05 08 12 15 20 0 05 08 12 15 20
Standardized Mean Difference Standardized Mean Difference

Lumbar Transverse RoM (deg)

Figure 3: Effect sizes expressed as standardized mean differences of all gait parameters in the different
factors for the comparison of healthy controls with individuals with knee OA (left) and individuals with
hip OA (right). Red colors indicate OA < healthy controls, green colors represent OA > healthy controls.
Please note that gait speed had a cross loading and was also part of the speed-temporal domain. Note:
CV = coefficient of variation, DTC = dual-task cost, RoM = range of motion

Between-group differences of the selected gait parameters were visualized using estimation
plots (Figure 4). Both individuals with knee and hip OA walked with a lower cadence and with
shortersteps. More specifically,compared to healthy controls stride length was 0.17 m (95% Cl:
0.09-0.26, p<0.001) lower in individuals with knee OA and 0.20 m (95% Cl: 0.12-0.28, p<0.001)
lower in hip OA. In addition, cadence was 10.8 steps/min (95% Cl: 6.3-15.4, p<0.001) lower in
individuals with knee OA and 9.8 steps/min (95% Cl: 5.2-14.4, p<0.001) lower in individuals
with hip OA. Lumbar RoM in the sagittal plane was 2.7 degrees (95% Cl: 1.7-4.4, p<0.001) higher
forindividuals with hip OA compared to controls, whereas no differences were found between
knee OA individuals and healthy controls (mean difference = 0.5 degrees, 95% Cl: -0.33-1.59,
p=0.260).
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Figure 4: Estimation plots of the mean group differences for stride length, cadence, and lumbar sagittal
RoM. In the top panel, dots represent the individual datapoints and bars the mean (+ SD). In the bottom
panel, the distribution of the mean difference (+ 95% Cl) for the comparison with healthy controls is
visualized. In cases where zero is notin the 95% Cl of the mean difference, asindicated by the black barsin
the lower panels, data was statistically different at p < 0.05.

Discussion

The aim of the present study was to investigate turning, dual-task performance, and upper
body motion in addition to spatiotemporal gait parameters in individuals with knee or hip OA.
To avoid redundancy of gait parameters, we conducted a factor analysis. Four independent
gait domains were identified: speed-spatial, speed-temporal, dual-task cost, and upper body
motion. Turning did not constitute its own domain but was related to speed-temporal. Three
domains held parameters sensitive to knee or hip OA: speed-spatial (stride length), speed-
temporal (cadence), and upper body motion (lumbar sagittal RoM). Dual-task cost was not
sensitive to knee or hip OA.

Factor analysis effectively reduced the dimensionality of our dataset from twenty-five gait
parameters to four independent domains of gait, including domains related to dual-task
gait and compensatory trunk motion. Turning, however, was part of a factor together with
cadence. The factors explaining most of the variance in our sample, i.e. speed-spatial and
speed-temporal, were both dependent on gait speed (Table 2). In the literature, these factors
reflecting the spatial and temporal aspects of gait speed are consistently reported3®+2 Other
factors related to gait are variability3®394+42 asymmetry3*4+42, postural control®, and trunk
motion#°. Dual-task cost has not previously been evaluated in a factor analysis approach,
but may contain unique information about gait that is informative of disease-specific
compensations related to the re-allocation of attentional resources. Importantly, dual-task
cost and upper body motion are interesting domains as they were independent of gait speed,
evidenced by the absence of a cross-loading of gait speed on these domainsin our study. Dual-
task cost and upper body motion may therefore provide promising gait parameters for clinical
evaluation of gait, in addition to the more commonly used speed-related measures.
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In our analysis steps, turning parameters were excluded in favor of the stronger factor
loading that was obtained for cadence. However, effect sizes for turning were large when
comparing both knee and hip OA with healthy participants (SMD > 0.9, Figure 3). In addition,
factor loadings were not substantially lower compared to cadence. Taken together, we are
unsure whether this factor represents a combination of gait and turning, or better reflects
turning itself. Future research should therefore indicate as to what extent turning parameters
are driven by cadence or gait speed, and how meaningful the unexplained variance is for
evaluation of physical functioning in individuals with knee and hip OA.

To facilitate assessment of the between-group differences, we opted to select single gait
parameters from the independent factor, to represent the respective factor. From the factors
that we obtained, only dual-tasking parameters did not discriminate between knee or hip OA
and healthy controls (SMD < 0.5). Thisindicates that, compared to healthy controls, individuals
with OA did not need more attentional resources for the motor task. Thus, although gait was
affected in OA, this was not compensated by more attentional resources.

Many of the gait parameters that showed large between-group effect sizes (Figure 3) were
grouped either under the speed-spatial or under the speed-temporal domain. This suggests
that the two main components determining gait speed, stride length and cadence, are
inherently linked with various gait adaptations prominent in individuals with knee and hip
OA. As such, gait speed may also be considered as the final common pathway for various gait
adaptations, and could be used as a very general, but highly sensitive marker for functional
status in individuals with OA. Next to this, our findings further stress the need to take gait
speed differences into account when evaluating gait in individuals with OA. More specifically,
for parameters that are correlated with gait speed, it may be more appropriate to assess them
at a standardized, matched speed, as it may be difficult to separate effects of gait speed from
the effects of OA itself®. Finally, these findings underline the importance of data reduction
techniques when investigating gait using IMUs or motion capture systems, as statistical
testing of all gait parameters would increase the probability of finding false positives.

That speed-related gait parameters have good discriminatory capacity in OA has been
reported before. Two systematic reviews reported lower gait speed and stride length in
individuals with knee and hip OA compared to healthy participants®3. In studies employing
IMUs, similar changesin stride length and cadence were found?4. In absolute numbers, slight
differences with our values can be discerned. Reasons for this may include the relatively short
walking distance (6 meter) in this study that was necessary to reliably assess turning, versus
thelongerdistances (~20 m)thatare commonly used. Nevertheless, our findings corroborated
previous findings about the discriminatory capacity of stride length and cadence.

In addition to spatiotemporal differences, individuals with hip OA walked with distinct upper
body motion, which was most evidentin the sagittal plane at the lumbarlevel. However, upper
body motion is difficult to capture by just one parameter, as is illustrated by the relatively low
factor loadings lying close together in this domain (Table 1). Altered trunk motion may point
toward the use of compensatory strategies to unload the arthritic joint*. More specifically,
increased pelvic RoM in the sagittal plane may enable more effective anteflexion of the lower
limbs and may thereby, to a certain extent, preserve stride length“. In addition, anterior pelvic
tilt combined with lateral trunk lean can reduce the lever arm between the hip joint center

Independent measures of gait capacity in knee and hip OA

and center of mass®. We observed more lumbar sagittal RoM and more RoM of the trunkin the
coronal plane in individuals with hip OA compared to healthy controls, in line with previous
reports®+¢, Unfortunately, the exact reason for the use of these compensatory mechanisms
remains speculative and may relate to pain, muscle weakness, or joint instability¥. Future
research should therefore investigate the importance of upper body motion in individuals
with OA, to inform us about potential mechanisms underlying these gait adaptations.

With regard to the use of wearable sensors in clinical practice, our study showed that quick
and easy gait assessments with wearable sensors are useful for evaluating gait impairments
in individuals with knee and hip OA. In comparison to optical motion capture systems,
wearable sensors are more feasible for large-scale use and could be utilized to routinely assess
physical functioning. From all gait parameters, gait speed was found to be a very general but
highly sensitive marker for mobility limitations, combining both the effects on stride length
and cadence. Besides the basic spatiotemporal measures, trunk motion and turning appeared
to be relevant for individuals with knee and hip OA. We therefore recommend to use sensor
configurationsthatallow tolook beyond these basic spatiotemporal parameters. In the future,
wearable sensors should also be utilized to their fullest potential to enable remote monitoring
at home, which would allow to more accurately capture the habitual gait patterns.

This study had several limitations that merit attention. First, we did not obtain factors
representing gait asymmetry or variability, which may have been related to the low number
of gait parameters related to those domains that were initially entered into factor analysis.
We were therefore limited in our conclusions regarding the potential value of those measures
for individuals with knee or hip OA. Second, five potentially valuable gait parameters were
removed from further analysis due to sampling inadequacy (KMO value < 0.5). Larger sample
sizes are therefore required to identify the potential value of these parameters. Related to
this, we did not include demographic or clinical variables in the factor analysis, as this could
have affected the accuracy of factor analysis due to the relatively small sample size. Finally,
including individuals with isolated, unilateral knee or hip OA was important for our study
purposes,although the majority of the OA population have complaintsin morethan onejoint,
We expect that widening the inclusion criteria would have resulted in larger differences of OA
groups compared to healthy controls, but in less specificity for each OA group. In addition, it
is important to note that individuals in this study had end-stage OA and were scheduled for
joint replacement. Our results may thus not be representative of gait in individuals with less
severe OA.

Conclusion

In addition to commonly assessed spatiotemporal parameters, this study provided two other
relevant domains of gait: dual-task cost and upper body motion. Although dual-task cost
provided unique information about gait, our results did not suggest thatindividuals with knee
or hip OA needed more attention for walking than healthy participants. Adaptations in upper
body motion were more subtle than stride length and cadence, but may carry important
information about compensatory strategies that are most distinctive for individuals with hip
OA. Future steps should include evaluation of the responsiveness of these gait parameters
to effects of interventions aiming to improve mobility, such as joint replacement surgery.
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Furthermore, longitudinal monitoring of individuals with knee and hip OA starting at earlier
stages of the disease may inform us about the development of these gait adaptations and
associated compensations over time.
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Abstract

Objective assessment of gait using inertial sensors has shown promising results for functional
evaluationsinindividuals with knee osteoarthritis (OA). However, the large number of possible
outcome measures calls for a systematic evaluation of most relevant parameters to be used
forscientificand clinical purposes. This systematic review and meta-analysis aimed to identify
gait parameters derived from inertial sensors that reflect gait deviations in individuals with
knee OA compared to healthy control subjects (HC).

A systematic search was conducted in five electronic databases (Medline, Embase, Web of
Science, CINAHL, IEEE) to identify eligible articles. Risk of bias was assessed using a modified
version of the Downs and Black scale. Data regarding study population, experimental
procedures, and biomechanical outcomes were extracted. When a gait parameter was
reported by a sufficient number of studies, a random-effects meta-analysis was conducted
using the inverse variance method.

Twenty-three articles comparing gait between 411 individuals with knee OA and 507 HC
were included. Individuals with knee OA had a lower gait speed than HC (standardized mean
difference =-1.65), driven by smaller strides with a longer duration. Stride time variability was
slightly higher in individuals with knee OA than in HC. Individuals with knee OA walked with a
lower range of motion of the knee during the swing phase, less lumbar motion in the coronal
plane, and a lower foot strike and toe-off angle compared to HC.

This review shows that inertial sensors can detect gait impairments in individuals with knee
OA. Large standardized mean differences found on spatiotemporal parameters support their
applicability as sensitive endpoints for mobility in individuals with knee OA. More advanced
measures, including kinematics of knee and trunk, may reveal gait adaptations that are more
specific to knee OA, but compelling evidence was lacking.

Objective gait evaluation in knee OA using IMUs: a systematic review

Introduction

Knee osteoarthritis (OA) is a leading cause of disability with a significant impact on daily
life mobility and quality of life*. Assessment of mobility is therefore crucial for determining
the severity and progression of functional impairment and evaluation of interventions in
individuals with knee OA. Currently, patient-reported outcome measures (PROMs) prevail
in clinical settings to serve these purposes, but their clinical value is limited due to inherent
subjectivity, potential ceiling effects, and dependence on pain rather than actual daily life
activities®s. As an alternative, simple measures of mobility can be obtained using timed
performance-based tests, but these tests only provide an overall impression of performance
and do not separate walking from turning or rising from a chair. More advanced measures of
mobility, such as gait parameters, can nowadays be easily collected using wearable inertial
sensors. However, the wealth of outcomes that can be derived from these assessments
warrants thoughtful selection of measures most relevant for clinical practice.

Recentadvancesininertialsensortechnologyhaveopenedavenuesformobilegaitassessments.
Importantly, the use of inertial sensors enables remote monitoring of gait in a person’s
own environment, substantially improving the ecological validity of evaluation of physical
function. Compared to optoelectronic motion capture systems, objective assessments using
inertial sensors feature several advantages, including: low cost, deployment at any location,
short preparation time, and ease of use®. Signal features of gyroscopes, accelerometers and/
or magnetometers are analyzed to accurately detect gait events’°. Subsequently, several
spatiotemporal and kinematic gait parameters can be computed for each step or stride,
depending on the sensor configuration and processing algorithms. Algorithms processing
inertial sensor data have shown good to excellent validity and reliability in healthy adults
for spatiotemporal and kinematic parameters, except for some variability and asymmetry
metrics® Inertial sensor systems may thus provide the tools for obtaining objective measures
of gait quality which are otherwise not available in clinical settings.

Currently, there is a growing interest in the use of inertial sensors in individuals with knee
OA, as highlighted by two recent scoping reviews*, Multiple studies have quantified gait
differences between individuals with knee OA and healthy control subjects (HC) across a wide
range of parameters3>2?, but a comprehensive overview pooling the effects of these studies
is lacking. Meta-analysis of these studies may aid the selection of a subset of gait parameters
that best reflects gait impairments in individuals with knee OA, to be used to monitor disease
progression and as potential endpointsin clinical trials. Therefore, the aims of this systematic
review were 1) to provide an overview of the characteristics of studies investigating gait
differences between individuals with knee OA and HC using inertial sensors, and 2) to pool
effects of knee OA on spatiotemporal and kinematic gait parameters.

Methods

This systematic review was preregistered at PROSPERO (CRD42020182135) and was conducted
in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines®2,
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A systematic search was conducted in the following electronic databases: Medline, EMBASE,
Web of Science, IEEE, and CINAHL. Full search codes for all of the databases are provided in
Supplementary File 1, accompanied by a detailed search strategy for one of the databases.
A post-hoc check of our search was performed by an independent librarian of the Radboud
University Medical Centre to ensure that no relevant articles have been missed. Database
searches were conducted on May 1st, 2020 and were last updated on June 2nd, 2021. Additional
records were identified via reference lists of the relevant articles. All search results were
exported to EndNoteX7 and checked for duplicates.

Eligibilitywasdetermined basedonalistofin-andexclusioncriteria(Table1). Both comparative
studies and longitudinal studies with a pre-intervention comparison with a control group
were considered for inclusion. There were no restrictions on study date, disease severity (i.e.
Kellgren-Lawrence (KL) grade), OA laterality (i.e. unilateral versus bilateral), or type of OA
(i.e. medial versus lateral compartment). Two independent, blinded reviewers (RB and JvG)
screened article titles and abstracts. All study records were managed using Covidence (Veritas
Health Innovation, Melbourne, Australia; available at www.covidence.org). Disagreements in
screening results were resolved by a third reviewer (KS). Subsequently, full text manuscripts
of studies meeting the eligibility criteria were obtained. All full text articles were checked for
eligibility by the same reviewers (RB, JvG) and disagreements were resolved by consultation of
a third reviewer (KS).

Table 1: In- and exclusion criteria used to determine article eligibility

Inclusion Exclusion

e  Original research article published in a peer-reviewed e Studies measuring gait using pressure insoles or
journal pressure sensors, including pressure sensitive mats
e Written in English e Previous joint replacement of hip, knee or ankle
e Included healthy subjects and individuals with knee OA e Presence of neurological or musculoskeletal
disorders (other than OA) that affect gait or
balance
e Level walking was measured using wearable inertial e  Gait parameters were not derived from sensor
sensors data but from other sources (i.e. optoelectronic
system, timer, etc.)
e Minimum group size of 5 subjects in each study group e Subjects with rheumatoid arthritis
e  Outcome metrics included at least one of the following e  Systematic reviews
parameters: e  Conference proceedings
o gait speed

o cadence or an equivalent metric (i.e. step
time, stride time, or gait cycle duration)

o  step or stride length

o asymmetry of step time or step length

o variability (coefficient of variation or standard
deviation) of step/stride length or step/stride
time

o range of motion of the knee

Objective gait evaluation in knee OA using IMUs: a systematic review

Methodological quality of the included studies was assessed by two reviewers (RB, KS) using
a modified version of the Downs and Black scale®. Disagreements between the reviewers
were resolved during a consensus meeting. The Downs and Black scale assesses risk of bias
in both randomized and non-randomized studies, and contains 27 items that cover quality
of reporting, internal and external validity, bias, confounding, and power. Also, the validity
and reliability of the algorithms used to process the sensor data was specifically evaluated
in item 20. To match our study aims, only 11 relevant items of the original scale were retained
(Supplementary File 2). In addition, scoring of the studies was based on our study aim, i.e. the
comparison between knee OA and healthy subjects, which could be different from the aim
of the actual study. All items were scored o (no/ unable to determine) or 1 (yes), except for
question five (0=no, 1=partially, 2=yes). The maximum possible score to be obtained was 11.

In order to obtain an overview of the employed experimental paradigms, the following study
information was extracted: inertial sensor system, number of sensors, sensor location(s),
software package/algorithm, walking paradigm (i.e. 2-minute walk test, 20m walk test,
etc.), and testing environment. Furthermore, data concerning study groups was obtained:
group sizes, population characteristics (i.e. age and sex), OA definition (i.e. medical diagnosis,
radiologically confirmed, scheduled for joint replacement, etc.), OA severity (KL grade), and OA
laterality (unilateral vs. bilateral). Quantitative data of the following gait parameters were
extracted when available: 1) gait speed, 2) step/stride length, 3) cadence or an equivalent
metric such as step time, stride time, or gait cycle duration, 4) knee joint range of motion, 5)
asymmetry of step length or step time, 6) variability of step/stride length and step/stride time,
and7)upperbody motion (i.e.range of motionin the sagittal, frontal or transverse plane). Other
outcomes were considered if they were reported by 2 3 studies. Gait parameters were only
extracted if they were directly derived from the sensor data. More specifically, gait parameters
measured with a timer, pressure-based or optoelectronic motion capture system were not
extracted. When data could not accurately be extracted from figures, the corresponding
author was contacted. In total, authors of seven different studies were contacted, of whom
four replied to our request. Two of these authors mentioned that raw data was not available,
one author did not reply to our follow-up requests, and in one case the specific outcome (e.g.
knee kinematics as absolute joint angles) was not calculated from the raw data by the authors.
Data extraction was performed by one reviewer (RB).

A random-effects meta-analysis was performed in RStudio (version 1.2.5001) using the
Metafor package (https:/github.com/wviechtb/metafor). Given the differences in gait
mechanics between overground and treadmill walking?®, studies where participants walked
on a treadmill were removed from meta-analysis. For parameters that were uniformly
reported in minimally 3 studies, standardized mean differences (SMDs) were calculated for
the comparison between individuals with knee OA and healthy subjects. The use of SMDs
allowed comparison of effect sizes between the different gait parameters. To facilitate clinical
interpretation, mean differences were also calculated, which are provided in Supplementary
File 3. Pooled estimates were obtained by the weighted average of the individual study results
using the inverse variance method¥. Results were visualized using forest plots. Comparisons
were considered statistically significant at an alpha level of 0.05 (i.e. when zero was outside
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of the 95% confidence interval of the SMD). 12 statistics were obtained to assess study
heterogeneity. Heterogeneity was considered to be low (12 < 25%), moderate (12= 25-49%),
or high (12 >50%)%. Data analysis scripts together with the data are available in a separate
supplementary file available through the online version of this publication.

Results

A complete overview of the search and inclusion process is provided in Figure 1. From five
databases, a total of 607 articles were identified. After removal of duplicates, 432 articles
remained. Title and abstract screening excluded another 393 articles. One additional article
was identified via screening of reference lists of relevant articles. The full text of 39 articles
were assessed, of which 23 articles met all inclusion criteria (Figure 1).

—
Records identified through
c database searching (n=607):
k]
E=
<
£ * CINAHL (n=46)
£ + Embase (n=203)
H « IEEE (n=12) Additional articles
k) * Medline (n=98) included
* Web of Science (n=248) (n=1)
)
v A,
—
Records after duplicates removed
(n=432)
=]
£
c
3
o v
(7]
Records screened
(n=432)
— Records excluded
— > (n=393)
2 Full-text articles assessed for
3 eligibility
2 (n=39)
w
— > Full-text articles excluded,
—_— v with reasons (n=16):
Studies included in qualitative + Gonference proceeding (n=11)
SymheS|S + Outcome measures were not derived from
(n=23) sensor data (n=4)
+ Gait was measured with pressure sensors/
T insoles (n=1)
@
°
2
] v
£
Studies included in quantitative
synthesis (meta-analysis)
(n=13)

Figure 1: PRISMA flowchart of the article selection process

Objective gait evaluation in knee OA using IMUs: a systematic review

Characteristics of the included study are summarized in Table 2. Across the 23 studies that
we included, gait was analyzed in 411 individuals with knee OA and 507 HC. Two studies were
notincluded in this total sample®2° as they used (part of) the same dataset as other included
studies®%, The ratio between men and women was comparable within both groups (i.e. 45%
men in HC vs. 44% in knee OA). Mean age was 56.9 (SD 8.3) years for HC and 65.1 (SD 7.7) years
for individuals with knee OA. Five studies contained a properly age and sex-matched control
group of healthy (older) adults®*93132 whereas four studies had a significantly younger
control group®3373, Studies were heterogeneous in OA laterality and their definition used for
knee OA. The majority of studies aimed to include patients with end-stage unilateral knee OA,
often scheduled for (total) knee arthroplasty. Two studies specifically recruited individuals
with bilateral knee OA2°*, Presence of OA was either confirmed radiologically or by clinical
diagnosis of an orthopaedic surgeon. Severity of OA differed between studies, ranging from
KLgrade 1to 4.

Fourteen different inertial sensor systems were used to quantify gait in individuals with knee
OA, with most studies placing inertial sensors at the lower back or pelvis (n=15)3152:2930323335-
¥ (Table 2). Other commonly used locations were the sternum, thigh, shank, and feet. Nine
studies used a single sensor set-up32°21293235363839 whereas the other fourteen studies used
a multi-sensor system?s192230333343740-42 wyjth a maximum number of fifteen sensors in one
study®. A wide variety of software packages and algorithms were used to process the sensor
data (Table 2). Detailed description of the algorithms used in each individual study is provided
in Supplementary File 5. Across the included studies, multiple walking paradigms were
employed to analyze gait. Most frequently, subjects walked across a 20m walkway at self-
selected speed3*s213032364042 Fight other studies used a similar paradigm, but with alternate
walking distances (i.e. unknown, 6m, 7m, 10m, and 4om)*893.33534 |n contrast, two
studies evaluated gait on a treadmill, with the speed matched to the comfortable walking
speed¥3, The length/duration of these walking trials was soom¥ in one study and 11 minutes
in the other study®®. Two studies used a 200m oval track that subjects were asked to walk
for a duration of 9 minutes at a self-selected speed®, In another study subjects walked
continuously for 10 minutes®. Finally, two studies used inertial sensors to monitor gaitin the
home environment3+®, As for testing location, seven studies used inertial sensors in a lab-
based setting517193°3338 (sometimes to simultaneously compare results with traditional mocap
systems**79), whereas in fifteen studies gait was assessed outside the lab318202:29313234-373942 |y
one case, testing location was not specified®. Of the studies that used inertial sensors outside
the lab, three performed their tests in a university setting (e.g. hallway or track)®, ten in
clinical/hospital settings823132353240-42 and two studies used inertial sensors to monitor gait
during daily life3+39 (Table 2).
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Objective gait evaluation in knee OA using IMUs: a systematic review

Studies had a mean score of 6.6 out of 11 on the modified Downs and Black scale (Table 3).
Twenty-three studies scored low on external validity35222942, with gait being assessed in only
selected parts of the total knee OA population. In addition, there was only one study that
explicitly reported the time over which cases and controls were recruited®, and attempted to
blind assessors during outcome assessment®. In ten studies, accuracy of the main outcomes
was difficult to determine, as details and references on algorithm validity and reliability were
lacking3si719213637.4042 (Supplementary File 5).

Table 3: Risk of bias appraisal for the included studies according to a modified version of the Downs and

Black scale

25  Total score

5
Auvinet et al. 1999 (35) 0 2 1 u u 1 0 1 u 0 5
Barden et al. 2016 (20) 1 2 1 0 u 0 u 1 u 1 6
Boekesteijn et al. 2021 (18) 1 2 1 0 u 1 1 1 u 1 8
Bolink et al. 2012 (3) 1 2 1 0 u 1 u u u 0 5
Bolink et al. 2015 (36) 1 2 1 0 u 1 1 u u 1 7
Chapman et al. 2019 (34) 1 2 1 0 u 1 u 1 u 0 6
Clermont et al. 2016 (29) 1 2 1 0 U 1 U 1 U 1 7
Hafer et al. 2020 (16) 1 2 1 0 u 1 u 1 u 1 7
Ismailidis et al. 2020 (15) 1 2 1 0 u 1 1 u u 1 7
Ismailidis et al 2021 (30) 1 2 1 0 u u 1 1 u 1 7
Kierkegaard et al. 2015 (21) 1 2 1 0 1 1 1 u 1 1 9
Kluge et al. 2018 (31) 1 2 1 0 u 1 1 1 u 1 8
Lebleu et al. 2021 (37) 0 2 1 0 u 1 1 u u 0 5
McCarthy et al. 2013 (40) 0 2 1 u u 1 1 u u 1 [
Odonkor et al. 2020 (22) 1 2 1 0 u 1 1 1 u 1 8
Rahman et al. 2015 (41) 0 2 1 0 u 1 1 0 u 1 6
Senden et al. 2011 (32) 0 2 1 0 u 1 1 1 u 1 7
Staab et al. 2014 (17) 0 2 1 0 u 1 1 0 u 1 [3
Straaten van der et al. 2020 (19) 1 2 1 0 u 1 1 U u 0 6
Tadano et al. 2016 (33) 1 1 1 0 u 1 0 1 u 0 5
Tanimoto et al. 2017 (38) 1 2 1 0 u 1 1 1 u 1 8
Vangeneugden et al. 2020 (39) 1 2 1 0 u 1 1 1 u 1 8
Zhang et al. 2016 (42) 1 2 0 0 u 1 0 0 u 0 4

Included items:

3: Are the characteristics of the patients included in the study clearly described? In cohort studies and trials, inclusion and/
orexclusion criteria should be given. In case-control studies, a case-definition and the source for controls should be given.

5: Are the distributions of principal confounders (i.e. age and sex) in each group of subjects to be compared clearly described?
7: Does the study provide estimates of the random variability in the data for the main outcomes?

11: Were the subjects asked to participate in the study representative of the entire population from which they were recruited?
15: Was an attempt made to blind those measuring the main outcomes of the intervention?

16: If any of the results of the study were based on “data dredging”, was this made clear?

18: Were the statistical tests used to assess the main outcomes appropriate?

20: Were the main outcome measures used accurate (valid and reliable)?

22:Were study subjects in different intervention groups (trials and cohort studies) or were the cases and controls (case-
control studies) recruited over the same period of time?

25: Was there adequate adjustment for confounding in the analyses from which the main findings were drawn?

Note: answers should be interpreted as 0 = No, 1 = Yes, U = unable to determine. In case of question 5, answers were 0 = No,
1=Partially, 2 = Yes.

Objective gait evaluation in knee OA using IMUs: a systematic review

The gait parameters that were investigated in each study are summarized in Table 4. Meta-
analysiswas conducted forthe following thirteen parameters: gait speed, cadence, step/stride
time, step/stride length, gait asymmetry, gait variability, sagittal/frontal/transversal plane
pelvic motion, maximum knee flexion during swing, stance duration, foot strike angle, and toe-
off angle. For these outcomes, the simple summary data of each individual study is presented
in Supplementary File 4. Because the metrics that were reported for knee kinematics were
substantially different between studies, it was not possible to pool most of these results. Ten
studies were not included in the meta-analysis. In two of these studies gait was monitored
under free-living conditions339, which may result in substantially different gait patterns than
in laboratory or clinical settings. For the same reason, two studies in which subjects walked
on a treadmill were excluded¥3, Further, two excluded studies did not provide group means
or estimates of variability®42. Two other studies’>*° were not included as they were based
on the same dataset as other included studies®, In this case we included either the study
with the largest sample or the earliest study3, as including both of these studies in a meta-
analysis would introduce bias towards these study outcomes. In one excluded study, data was
skewed and therefore not suitable for meta-analysis®. Finally, one study was excluded due
to a substantial age difference (e.g. 46 years) between both study groups®. In the other study
where age was significantly lower (e.g. 25 years) in HC3 but that we did include in our meta-
analysis, a sensitivity analysis was performed to assess the impact of age on our results.
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Table 4: Gait parameters investigated per study
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asymmetry

time

Stride symmetry, stride regularity

Auvinet et al. 1999 (35)
Barden et al. 2016 (20)

Stride regularity, step regularity, gait symmetry

Foot elevation at mid swing, lateral step variability,

Boekesteijn et al. 2021 (18)

circumduction, , foot-strike angle, toe off angle, stance duration
(%), toe-out angle, turn duration, turn peak velocity, dual-task
cost (cadence, stride time CV, gait speed, stride length, turn

duration)

Bolink et al. 2012 (3)

Pelvic obliquity asymmetry, pelvic obliquity at heel strike

Bolink et al. 2015 (36)

Chapman et al. 2019 (34)

Fractal scaling index of stride time

Clermont et al. 2016 (29)
Hafer et al. 2020 (16)

Stance time (%)

Hip and ankle kinematics (sagittal plane)

Ismailidis et al. 2020 (15)
Ismailidis et al 2021 (30)

Hip and ankle kinematics (sagittal plane)

Kierkegaard et al. 2015 (21)

Kluge et al. 2018 (31)

Swing/stance time (%), maximum toe clearance, toe-off angle,
heel strike angle, variability of gait speed/swing time/stance

time/ stride length

Hip and ankle kinematics

Lebleu et al. 2021 (37)

McCarthy et al. 2013 (40)

Stance/swing ratio (%), gait event timings (as % gait cycle),

Odonkor et al. 2020 (22)

double support, peak angular velocity, foot strike angle, toe-off
angle, lateral displacement during swing, turn angle between

foot-flats

Excursion of thigh and shank in sagittal and frontal plane

Rahman et al. 2015 (41)
Senden et al. 2011 (32)
Staab et al. 2014 (17)

Vertical displacement

Mediolateral trunk symmetry, limb symmetry (deg)

Hip kinematics

Straaten van der et al. 2020

(19)

Ankle angles, support ratio, hip, knee and ankle joint centre

trajectories (and derived measures)

Tadano et al. 2016 (33)

Peak shank angular velocity, fractal scaling index of stride time

Tanimoto et al. 2017 (38)

Harmonic ratio, fractal scaling index

Vangeneugden et al. 2020 (39)

Zhang et al. 2016 (42)

Single support time, acceleration at footfall, swing power
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Individuals with knee OA walked slower compared to HC (SMD = -1.65 [95% Cl: -1.90 —-1.40], |2
= 0%)316182230-3236 (Figyre 1A). This lower gait speed in individuals with knee OA was consistently
reported among all studies. The effects on gait speed were the combined result of a lower step/
stride length (SMD = -1.28 [95% Cl: -1.55 — -1.01], 12 = 20 %)368223°3236 and a lower cadence in
individuals with knee OA compared to HC (SMD =-1.19 [95% Cl: -1.41,-0.98], |12 = 0 %)*6:8:2230:3235-
¥, Removal of Auvinet et al.3, who included a significantly younger control group, did not
modify the effect of knee OA on cadence (i.e. SMD = -1.14, 12 = 0%). In addition, overall step/
stride duration was higher in individuals with knee OA (SMD = 1.08 [95% Cl: 0.69 — 1.48], 12
= 67%)32931363724041 Step time asymmetry was slightly higher in individuals with knee OA,
although this effect was not statistically significant (SMD = 0.49 [95% Cl: -0.02—1.01], 12 = 67%)
(Figure 1F)383235, Compared to HC, individuals with knee OA spent a larger percentage of their
gait cycle in stance (SMD = 0.80 [95% Cl: 0.37 — 1.24], |12 = 37 %)***#223, Finally, gait variability
was slightly higher in individuals with knee OA compared to HC (SMD = 0.51 [95% Cl: 0.25 —
0.77],12 = 0.0%) (Figure 1E)38313236,

While multiple studies investigated knee kinematics, there was limited opportunity for meta-
analysis due to differences in reporting of outcomes between the included studies. According
to our meta-analysis, individuals with knee OA had lower range of motion of knee flexion
during the swing phase (SMD = -1.59 [95% Cl: -2.37 — -0.81], 12 = 79%) (Figure 1G)3°4°4, |n two
studies, lower knee flexion range of motion was also found during the stance phase**4. Over
the whole gait cycle, sagittal plane range of motion of the knee was lower in individuals with
knee OA according to two studies®®¥. This lower range of motion over the whole gait cycle
may be explained by lower peak flexion angles in individuals with knee OA that were present
during both the stance®3°34 and swing phase93°34,

Altered foot kinematics were observed in individuals with knee OA (Figure 1L&M), asillustrated
by a lower foot strike angle (SMD = -0.83 [95% Cl: -1.20 —-0.45], 12 = 0%)*®?23* and a lower toe-
off angle (SMD = -1.09 [95% Cl:-1.48 — -0.71], |2 = 0%) compared to HC*®223, At the level of the
pelvis, individuals with knee OA showed significantly less coronal range of motion compared
to HC (SMD =-0.78 [95% Cl: -1.14 —-0.42], 12 = 21%) (Figure 1H)3#3537 There were no differences
between both groups in range of motion in the sagittal (SMD = 0.36 [95% CI: -0.47 —1.19], 12 =
80%)*®¥ and transversal plane (SMD =-0.12[95% Cl: -0.47 —0.23], 12 = 0%) (Figure 11&])3*%%".
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Z“, S 5; § ; § § § ‘:’ S kS :':“3 f Three studies investigated gait dynamics by assessing stride-to-stride fluctuations using the
; g § § 3 ? S 3 5 g S g 5 fractal scaling index®23#3, Two of these studies, where subjects walked for 9 and 11 minutes in
;; 5 %5 % £ g i : i i § 2 2 a laboratory environment, found no differences in fractal dynamics between individuals with
2 8 & = e § § g § 2 g% g knee OA and healthy individuals®3. However, one study investigating gait during free-living
E . " S ey § g conditions found a significantly lower fractal scaling index in both lean and obese individuals
3 Lot % [ 4 £ &é &2 with knee OA compared to HC®.
I - N 58° %L
§ -- 2 T 5 scgao
: S . 8§ @ T s gc9okE
: T n T j 3 3 ; } ; ' - 3 2 5 E Discussion
4 Fey T o3 ZENS
T s Y . i : 5 5 é EEs The most prominent difference between individuals with knee OA and HC in this study
2| s ¢ & -y £ = S Ly =T e ‘g was a slower gait speed in individuals with knee OA, which resulted from a combination of
% IR T E é f ; < smaller steps/strides with a longer duration. In addition, gait variability was slightly higherin
B 8 == _ 5 522355 individuals with knee OA. Kinematic differences between knee OA and HC were observed as a
g g = g s § z . §§ g"é ‘ILI’ lower swing range of motion of the knee in the sagittal plane, less pelvic motion in the coronal
E é 3 % ; g s ; ;; ; o é j E (§3 plane, a lower foot strike angle, and a lower toe-off angle.
@ S & g 3 8 |2 EREER:
Ledt= Our results regarding spatiotemporal gait differences between individuals with knee OA
and HC are consistent with a previous meta-analysis of studies using optical motion capture
= s 7 g 5 5 s sz g < s g 5 @ = systems®. This meta-analysis by Mills et al. reported differences between individuals with
g s ; ; ; % ; é ; g ; g A : i Z knee OAand HC of similar magnitude for gait speed, cadence, stride length, and stride duration
2 S L= % g = ; = % = g g é § g in studies using optoelectronic systems. Since most inertial sensor systems have been
= < 3 3 s = LI S 3 S 2 2z = validated against these systems®, the consistency with our results is not surprising. However,
;f, € 5 8 g g $ g2 g g EE, g 5 % g a key difference is that in the current meta-analysis gait was mainly assessed outside these
] 2 8 8 g g | 8% =8 | 8 3 s T 3 g laboratory settings (Table 2), with assessments most frequently taking place in clinical, out-
= _ . - of-lab settings (e.g. outpatient clinics). The fact that this yields relatively similar results paves
= - 8 e f e Feo 8 the way for future clinical applications of these gait assessments, with the benefit of inertial
% r g § .} Foe g g re 55—5 sensors being well-suited for testing that can be conducted on a larger scale in situations
s + . h ‘ i ; § & { ] + Vo[ § § i ; § where expensive equipmentis notavailable. Moreover, remote monitoring of gait may capture
E | ) YL - § % I B f § e {, {, \ F § more natural, habitual walking behavior, independent of so-called “white-coat” effects* that
= Eoo g x .- = ] - may be present during single, snap-shot evaluation in the clinic.
L o § L o & L « S
28 3 = & L 25| 1 e Le” 2§ 5 e L. " - . . _— .
cs 2 - ® G I s s The clinical relevance of spatiotemporal group differences as detected by inertial sensors is
§ f 8 ® & §=> f I o 2 8 f:: ? I 28 further highlighted by their absolute mean differences. The mean difference for gait speed
2 g - s g = g — showing the largest SMD of all parameters — corresponded with -0.29 m/s in this study
- § g 3 é _ & g % z 3 - § % s s (Supplementary File 3). Considering that a 0.10 m/s reduction in walking speed is associated
g 3 T 5— : g g g s § ; g s 3 ;’ E with poorer health status and a higher risk of disability*, this absolute difference between
£ £ % 3 j 3 g % £ 3 g £ E 5 3 H groupsisofclinicalimportance. Although gait speed is not specific to knee OA, when evaluated
? S ® T ? R at multiple timepoints, gait speed could serve as general marker to either track physical

functioning over time during disease progression, or to evaluate recovery after interventions.

All studies included in this review assessed gait at self-selected walking speed. While this
paradigm results in clinically relevant information about differences in natural walking
behavior, differences in gait speed between individuals with knee OA and HC complicates
interpretation of differences on other spatiotemporal gait parameters. Statistical correction
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forthese gait speed differences may be inappropriate, and may have the undesired side-effect
of removal of a meaningful part of the main effect (i.e. knee OA)*. In general, caution should
be taken with interpreting the SMDs of spatiotemporal gait parameters in this study, as these
effects are likely the combined result of knee OA and a related slower walking speed.

Besides changes in basic spatiotemporal parameters, a relatively small effect size for step/
stride time variability was found in individuals with knee OA compared to HC. Variability
of gait has often been assumed to be a marker for gait stability, with larger gait variability
being predictive of future falls#”. Nevertheless, this difference in variability is likely inflated as
an effect of the lower gait speed that we found in individuals with knee OA*43, Furthermore,
with effect size in individual studies ranging from 0-2%, this effect likely falls within the
measurement error of inertial sensors. As such, this between-group difference in variability is
considered to be of minor clinical importance.

Step time asymmetry was not significantly different between groups, although it should be
noted that large heterogeneity between studies was observed and the confidence interval
of the SMD was just below zero. Asymmetries in knee kinematics and joint loading have
previously been reported in OA populationss°s. Individuals with knee OA may adopt an
asymmetrical gait pattern to lower joint loading of the affected leg. However, we did not find
unequivocal evidence supporting a more asymmetric gait pattern in individuals with knee
OA. Importantly, it should be noted that the literature is inconclusive about the validity and
reliability of gait variability and asymmetry metrics derived from inertial sensors*. For gait
variability specifically, it is important that a sufficient number of steps/strides are included in
the analysiss?, preferably during continuous walking —in contrast to short, intermittent walks
—or by only including steady-state gait phases. This may minimize the potential perturbing
effects of gait initiation and changes in walking direction that may be present during walking
paradigmsin spatially confined spaces such as short hospital corridors (Table 2).

Analysis of kinematic parameters of the knee and trunk showed that individuals with knee
OA walk with lower range of motion of the knee in the sagittal plane, while between-group
differencesin trunk movementwererestricted to the frontal plane. Limited knee flexion during
gaitisacommon characteristicofindividuals with knee OA*53and is likely more specificto knee
OAthan spatiotemporal gait deviations. Stiffness of the knee joint may also be present during
stance, and may reflect a deliberate strategy to overcome dynamic knee joint instability5+.
While part of the effect of knee OA on knee kinematics may be explained by differences in
gait speed®, some studies have shown remaining differences between individuals with knee
OA and HC at comparable walking speedss>s. As such, sagittal knee joint kinematics could
provide important parameters for objective gait evaluations for individuals with (end-stage)
knee OA that can be obtained by placing inertial sensors at the thigh and shank. Nevertheless,
more research is needed to validate the use of inertial sensors for obtaining knee kinematics
in individuals with severe varus/valgus knees. This is especially relevant for absolute joint
angles (as opposed to range of motion metrics), since these are often based on assumptions
regarding anatomical alignment or alignment of segments relative to gravity that may be less
valid6s8,
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Kinematics of the trunk were most frequently measured at the pelvic/lumbar level. The range
of motion captured by this lumbar sensor is thought to be an indirect measure reflective of
compensatory strategies to reduce pain or overcome muscle weakness3*, Limited frontal
plane pelvic motion has indeed been associated with hip abductor weakness, a characteristic
that is also found among individuals with knee OA%, Trunk motion at the level of the sternum
or upper thorax was reported in only two studies, but these parameters could provide further
insights into compensatory strategies such as lateral trunk lean®e®, Importantly, range of
motion captured by lumbar and/or trunk sensors were previously found to be independent of
walking speed®.

Differences in foot kinematics were also observed between individuals with knee OA and
HC. However, these parameters were previously found to be strongly related to stride length
and gait speed®. Whether individuals with knee OA have affected foot kinematics remains
thus unclear based on these results, as it seems likely that this effect is either the cause or an
epiphenomenon of a lower stride length.

First, substantial differences in study designs were apparent between the included studies
regarding the investigated study populations and procedures, which may all have contributed
to the heterogeneity we observed in our meta-analysis. For example, individuals with both
unilateralandbilateral OAwereincludedin ouranalyses, with moststudiesaimingatincluding
individuals with (isolated) unilateral knee OA, even though the majority of individuals with
knee OA have complaintsin more than onejoint®2. Secondly, individuals with mild to moderate
OA(KLgrade 1and 2) were underrepresented in the literature (Table 2). This limits the external
validity ofthe included studies (Table 3). Moreover, differences in disease severity make it more
difficult to compare studies, as radiological disease severity influences gait parameters®. Due
to confounding effects of sex® and age®, it is also important that future studies use age- and
sex-matched control groups or attempt to correct for these variables, which was not yet the
casein all available studies (Table 2).

Regarding the study procedures, it could be recommended that besides assessment of gait
at self-selected speed (as was the case in all included studies), gait parameters are compared
between groups at a controlled, matched speed. This allows to better separate the true effects
of knee OA from the effects of gait speed on gait parameters®® without the need of (suboptimal)
statistical corrections®. This can easily be achieved by instructing the control group to walk at
aslowerspeed®. Animportant advantage of inertial sensors for gait assessment is that testing
location is not constrained to laboratory-based settings. Nonetheless, most studies measured
participants in relatively controlled settings, such as clinical hallways. Since daily life gait is
known to be different from gait patterns observed in clinical or laboratory settings®, it would
be interesting to monitor gait remotely during daily life. With only two studies having applied
inertial sensorsindaily life (Table 2), this may be an important future direction for gait research
in individuals with knee OA. Finally, considering the large variety in inertial sensors, possible
configurations, and (often non-disclosed or customized) processing algorithms, it is of utmost
importance that the validity and reliability of these systems is adequately addressed in each
individual study. Open-source software packages to process raw inertial sensor data may
significantly push the field forward, for example by increasing transparency and consistency
among future studies.
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The quality of the evidence provided by the current meta-analysis should be interpreted in
light of all possible sources of biases. Limitations in the design and execution of the included
studies (e.g. individual risk of bias), as discussed in the paragraphs above, may have influenced
the overall SMDs that we obtained. Differencesin methodology could also have contributed to
thesubstantial heterogeneity thatwasobserved forstep/stridetime,step time asymmetry,and
knee swing flexion RoM. Other sources of bias, including indirectness and imprecision, were
of less relevance for the current review as gait parameters were directly compared between
individuals with knee OA and HC, and no a priori thresholds were set on the differences that
we aimed to detect. It should however be noted that wide confidence intervals were observed
for step time asymmetry, knee swing flexion RoM, and lumbar sagittal RoM. There is thus
less certainty in the exact estimates of the SMDs for these parameters compared to those
with narrow confidence intervals. Finally, publication bias may have been present. However,
the low number of studies that reported each outcome (i.e. lower than 10 for all outcomes),
precluded reliable publication bias assessment in the current review. This may have resulted
in overrepresentation of studies reporting (significant) differences between individuals with
knee OA and HC, inflating the SMDs.

This current study had a number of limitations which merit attention. First, we were not
able to conduct a subgroup analysis or to correct for OA severity, which is known to influence
gait parameters. Hence, this review suffers from heterogeneity in population characteristics
between studies, which may have influenced the SMDs that we obtained. Despite this, we
think our results are still generalizable to the population of individuals with moderate to
severe knee OA as this was the target population of most of the included studies. Secondly,
we limited this review to level walking, whereas turning, stair climbing and sit-to-stand
transfers are also relevant tasks for individuals with knee OA that are easily measured with
inertial sensors, and were investigated in some of the included studies**#2%7, Lastly, outcome
metrics were predominantly limited to the spatiotemporal domain in our analysis. Since the
evaluation of these simple spatiotemporal parameters does not necessitate the use of inertial
sensors, research on more advanced gait measures is required to show the advantages of
inertial sensors over timed performance-based tests. Multiple studies have investigated
other (non-linear) parameters to assess gait in individuals with knee OA with inertial sensors
(Table 3). Examples of this include symmetry/regularity parameters based on autocorrelation
procedures>235, harmonic ratios>*%, sample entropy®, turning velocity®, tibial/femoral
acceleration’7, hip/ankle kinematics*3°3%, and dual-task cost®. In addition, development of
more advanced algorithms may enable the assessment of joint kinetics’? and balance related
measures, such as the margin of stability”. Future studies should continue to explore the
potential value of these and other metrics for clinical gait assessments in individuals with
knee OA using these inertial sensors.

Objective gait evaluation in knee OA using IMUs: a systematic review

Conclusions

Inertial sensors have been widely applied to study gait of individuals with knee OA both
inside and outside the laboratory. However, gaps in literature were identified with respect to
remote monitoring of gait, and the interpretation of effect sizes was limited by confounding
effects of gait speed. Gait speed consistently showed large and clinically relevant deviations
from healthy controls, and may be considered as a general marker for gait impairment in
knee OA. More advanced gait parameters, including knee and trunk kinematics, revealed
gait adaptations that may be more specific to individuals with knee OA, but effect sizes were
relatively small or had wide confidence intervals. Until now, other potentially meaningful
parameters that can easily be obtained with inertial measurement units in the same settings,
such as thoracic trunk motion, turning parameters, and (non-linear) stability measures have
received less attention.
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Supplementary File 1—Search strategy

Full search code for all of the databases

Database Full search

OVID Medline/ (exp Osteoarthritis, Knee/ OR exp Arthroplasty, Replacement, Knee/) AND (gait OR ambulat* OR
Embase walk*) AND (sensor OR wearable OR Inertial OR accelerom* OR acceleration OR gyrosc* OR
magnetom* OR unobtrusive) AND (spatiotemporal OR joint angle OR kinematic* OR range of
motion OR biomechanic* OR asymmetr* OR variability OR velocity OR gait speed)

Web of Science (Knee Osteoarthritis OR Knee Replacement OR Knee Arthroplasty) AND (Gait OR Ambulat* OR
Walk*) AND (Sensor OR Wearable OR Inertial OR Accelerom* OR Acceleration OR Gyrosc* OR
Magnetom* OR Unobtrusive) AND (Spatiotemporal OR Joint angle OR Kinematic* OR Range of
motion OR Biomechanic* OR Asymmetr* OR Variability OR Velocity OR Gait speed)

IEEE* (Knee Osteoarthritis OR Knee Replacement OR Knee Arthroplasty) AND (Gait OR Ambulat* OR
Walk*) AND (Sensor OR Wearable OR Inertial OR Accelerom* OR Acceleration OR Gyrosc* OR
Magnetometer OR Unobtrusive) AND (Spatiotemporal OR Joint angle OR Kinematic* OR Range of
motion OR Biomechanic* OR Asymmetr* OR Variability OR Velocity OR Gait speed)

CINAHL ((MH "Osteoarthritis, Knee") OR (MH "Arthroplasty, Replacement, Knee")) AND (gait OR ambulat*
OR walk* ) AND (sensor OR wearable OR inertial OR accelerom* OR acceleration OR gyrosc* OR
magnetom* OR unobtrusive ) AND (Spatiotemporal OR Joint angle OR Kinematic* OR Range of
motion OR Biomechanic* OR Asymmetr* OR Variability OR Velocity OR Gait speed)

*=|EEE only allows 7 wildcards. The wildcard for “magnetometer” has therefore been removed

Detailed search strategy for one of the databases

No. Se terms Results
Population
#1 Osteoarthritis, Knee [MeSH] 22,003
#2 Arthroplasty, Replacement, Knee [MeSH] 26,343
#3 #1 OR #2 41,405
Activity
#4 Gait 67,596
#5 Ambulat* 189,275
#6 Walk* 213,237
#7 #4 OR #5 OR #6 290,692
Sensor system
#8 Sensor 115,742
#9 Wearable 16,837
#10 Inertial 10,832
#11 Accelerom* 20,238
#12 Acceleration 55,748
#13 Gyrosc* 2,225
#14 Magnetom* 6,054
#15 Unobtrusive 1,738
#16 #8 OR #9 OR #10 OR #11 OR #12 OR #13 OR #14 OR #15 210,194
Outcome parameter

#17 Spatiotemporal 33,641
#18 Joint angle 2,340
#19 Kinematic* 39,503
#20 Range of motion 73,978
#21 Biomechanic* 187,322
#22 Asymmetr* 52,197
#23 Variability 290,594
#24 Velocity 213,814
#25 Gait speed 5,616
#26 #17 OR #18 OR #19 OR #20 OR #21 OR #22 OR #23 OR #24 OR #25 815,241
#27 #3 AND #7 AND #16 AND #26 98
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Supplementary File 2—Modified Downs and Black Checklist

Reporting

3. Arethe characteristics of the patients included in the study clearly described? In cohort
studies and trials, inclusion and/or exclusion criteria should be given. In case-control
studies, a case-definition and the source for controls should be given.
+ Yes: 1
» No: (o)

5. Arethedistributions of principal confounders (i.e. age and sex) in each group of
subjects to be compared clearly described? Note: since BMl isinherently linked to the
development of OA, it was not considered as a confounder.

- Yes: 2
« Partially: 1
» No: (o)

7. Does the study provide estimates of the random variability in the data for the main
outcomes?
* Yes: 1
* No:

External validity
11. Were the subjects asked to participate in the study representative of the entire
population from which they were recruited?
* Yes: 1
+ No: o)
+ Unable to determine: o

Internal validity — bias
15. Was an attempt made to blind those measuring the main outcome of the intervention
(here: to the study groups)?
* Yes: 1
* No: o
+ Unable to determine: o
16. If any of the results of the study were based on “data dredging”, was this made clear?
. Yes: 1
+ No: o]
+ Unable to determine: o
18. Were the statistical tests used to assess the main outcomes appropriate?
- Yes: 1
+ No: o]
+ Unable to determine: o
20. Were the main outcome measures used accurate (valid and reliable)?
- Yes: 1
* No: o]
+ Unable to determine: o
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Supplementary File 3 —Forest plots with mean differences

Internal validity — confounding
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Supplementary File 3 continued — Forest plots with mean differences Supplementary File 4 — Summary characteristics of each individual study
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Supplementary File 4—Summary characteristics of each individual study (continued) Supplementary File 5— Details on the sensor algorithm of the individual studies
Sample size Mean (SD) Study (year) Algorithm description
ficatthylcontiol Kneclon fiealthy[contions Auvinet et al. 1999 Stable walking periods (-19/20 gait cycles) were analyzed. A Fourier rapid transform was
. ) o performed on vertical acceleration data to derive the fundamental frequency. Cycle frequency
Step/stride time variability (% was defined as half the fundamental frequency.
Boekesteijn et al. (2021) 25 27 2.33(0.89) 1.79 (0.55) Barden et al. 2016 Nine minute walking trials were reduced to 6 min by removing the first and last 90s.
Bolink et al. (2012) 20 30 6.13 (3.34) 4.05 (3.09) Accelerations on all 3 axes were filtered using a zero-leg 4™ order Butterworth low-pass filter
Bolink et al. (2015) 20 20 0.06 (0.03) 0.04 (0.03) (cut-off = 10 Hz). A negative peak-detection algorithm was used on the anteroposterior
Kluge et al. (2018) 24 24 3.40 (1.81) 3.11 (1.05) acceleration to determine heel strikes, as described in [1]. From the obtained series of heel

strikes, step time and stride time were determined. A median filter was used to remove

Senden et al. (2011) 24 24 2.9 (1.4) 2.3(1.9) potential outliers
Tanimoto et al. (2017) 12 11 2.84 (1.18) 2.58 (0.93) Boekesteijn et al. A non-disclosed, validated [2] algorithm (e.g. Mobility Lab v2.0) was used to process the raw
2021 inertial data, and extract the gait parameters of interest.
Step time asymmetry (% Bolink et al. 2012 Start and end of the walking trial were manually selected. Heel strikes were detected based on
Boekesteijn et al. (2021) 25 27 3.46 (2.40) 2.65 (1.95) the anteroposterior acceleration signal, using an algorithm described in [3]. Gait event detection
Bolink et al. (2012) 20 30 0.42 (0.45) 0.48 (0.57) was manually verified. The first and last two steps were deleted due to
Bolink et al. (2015) 20 20 5.05 (2.30) 2.50 (1.84) acceleration/decelgration phases. Based on these gait events, the time to achieve the task, and
Senden et al. (2011) 24 24 5.8 (4.6) 3.4(3.2) step count, all spatiotemporal paramete_rs were c‘Ierlved. Lum‘bar klneme_mcs were calculated
from the accelerometer and gyroscope signal, using the algorithm described in [4].
. ) Bolink et al. 2015 Similar methods as Bolink et al. 2012 (see above).
Knee swing range of motion (deg) Chapman et al. 2019 | Sensor data was low-pass filtered using a 5 order Butterworth filter (cut-off = 5 Hz).
Ismailidis et al. (2021) 22 46 50.0 (7.3) 57.9 (5.1) Accelerations measured at the thigh and shank were converted to 3D vectors, and an angle was
McCarthy et al. (2013) 23 21 54.8 (5.5) 61.2 (6.1) computed between these 3D vectors and gravity. Using equal gravitational reference,
Rahman et al. (2015) 28 29 42.51 (10.18) 62.63 (5.77) comparison of the vector from the thigh sensor and the shank sensor yielded a single knee joint

angle. This angle incorporates true knee flexion plus errors related to dynamic accelerations and
knee joint motion in other planes (e.g. frontal/transversal). These errors were acknowledged in

Lumbar coronal range of motion (de
feog) this study, but considered to be low. Knee flexion angles were computed continuously during the

Boekesteijn et al. (2021) 25 27 7.0 (2.5) 7.9 (2.3) - . - : . N .

i monitoring period. Gait periods were located by frequency analysis of one minute intervals and
Bolink et al. (2012) 20 30 4.9 (1.8) 8.4 (3.87) fast Fourier transforms of each of these intervals. The interval with the largest 0.75-2.25 Hz
Bolink et al. (2015) 20 20 6.7 (1.8) 8.6 (2.8) content magnitude was selected as gait period. Gait events were automatically located [no
Lebleu et al. (2020) 14 12 5.3(2.2) 7.5 (1.8) reference/ further description], and strides were extracted from these gait periods. Strides

were normalized as % of gait cycle, and knee flexion curves were averaged over the repeated
Lumbar sagittal range of motion (deg) Cl t et al. 2016 SDtr;deS‘ duced to ni inutes by deleting the first 15s and last 45 d L
5 ermont et al. ata was reduced to nine minutes by deleting the first 15s and last 45s, and was low-pass
:ogkesteun et al. (2021) 2 z 5.9(1.9) 53 (1:5) filtered using a 4™ order Butterworth filter (cut-off = 10 Hz). Negative peaks of the
olink et al. (2012) 20 30 5.4 (1.6) 3.9 (1.18) . S :
anteroposterior acceleration signal were used to detect heel strikes [1] and compute step and
Lebleu et al. (2020) 14 12 5.9 (2.8) 7.1(2.6) stride time for each leg.
Hafer et al. 2020 Gait events were detected using the vertical acceleration data from the foot sensor in the earth
Lumbar transverse range of motion (deg) frame (aligned with gravity). This data was first passed through a 1D continuous wavelet
Boekesteijn et al. (2021) 25 27 7.7 (2.5) 8.4 (2.3) transform, and the absolute value of the first wavelet was low-pass filtered using a 2" order
Bolink et al. (2012) 20 30 8.1 (2.7) 8.1 (2.59) Butterwqrth filte( (cut-off = 4 Hz). Pgaks in this signgl were identifigd as gait events, wjth the
Lebleu et al. (2020) 14 12 7.5 (3.4) 7.6 3.2) assumption that time betweep an ipsilateral heel strike and toe-pff is longer than the time ]
between toe-off and heel strike. Foot accelerometer data were integrated on a stride-to-stride
. . basis to find linear velocity and displacement. The integration was performed using a zero
Stance time (% gait cycle) velocity update algorithm similar to [5], and the obtained velocity was corrected for sensor
Boekesteijn et al. (2021) 25 27 60.4 (1.8) 59.6 (1.0) drift. Stride length was defined as the magnitude of horizontal displacement. Spatiotemporal
Hafer et al. (2020) 9 10 63.6 (2.1) 62.9 (2.5) parameters were derived from the gait events, with gait speed defined as stride length divided
Kluge et al. (2018) 24 24 66.41 (3.10) 63.40 (1.45) by stride time. Knee range of motion was calculated from thigh and shank angular velocity in the
Odonkor et al. (2020) 10 10 64.1 (2.5) 61.9 (1.0) sensor frame. Angular velocity around the mediolateral axis was integrated between heel strikes
and drift corrected. Knee flexion was then calculated by subtracting shank angular displacement
Foot strike angle (de from thigh angular displacement. Knee flexion range of motion was defined as the difference
—g—(—m-“ between the minimum and maximum knee angular displacement.
Boekesteijn et al. (2021) 25 27 19.2.(5.9) 24.3 (5.6) Ismailidis et al. 2020 | Spatiotemporal and kinematic parameters were derived from the manufacturer’s software
Kluge et al. (2018) 24 24 15.59 (5.91) 19.68 (5.66) (Hasomed) [no reference/further description].
Odonkor et al. (2020) 10 10 26.1 (3.9) 30.4 (4.1) Ismailidis et al. 2021 Spatiotemporal and kinematic parameters were derived from the manufacturer’s software
(Hasomed), according to [6] and validated in [7,8].
Toe-off angle (deg) Kierkegaard et al. Blint_jed data analysis was performed'using peak-detection algorithms fgr the qnteroposterjor apd
Boekesteijn et al. (2021) 25 27 33.7 (4.3) 37.3 (2.4) 2015 ve@1gal acceleranor! peak§ [3]. Spatiotemporal measures and lumb'far l'qnemancs were derived in
Kluge et al. (2018) 24 24 56.55 (12.11) 66.2 (5.62) " s 2 snznlar manger as 12 Bo}mk ﬁt al. l(ZO;Z & 2915) l[nobfurther desznptlop]. i i
Odonkor et al. (2020) 10 10 62.4 (6.1) 7.1 (4.7) uge et al. trides were detected using the multi-dimensional sub sequence dynamic time warping

approach. This method nonlinearly matches time series (with different lengths) to a predefined
template, as described in [9]. Heel strikes were detected based on the minima in
anteroposterior acceleration of the foot within a region of interest (e.g. the interval between
the steepest negative slope and steepest positive slope in the gyroscope signal around the
mediolateral axis), and toe-offs using the zero-crossings of the angular velocity around the
mediolateral axis [10]. Data from the sensor frame were converted to the earth frame with
removal of gravity. Feet trajectories were calculated by double integration, accounting for
sensor drift as described in [11]. These obtained trajectories, orientations, and gait events were
used to calculate the gait parameters. The system has been validated in healthy and affected
(Parkinson’s Disease) gait [12].
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Supplementary File 5 (continued)

Study (year)
Lebleu et al. 2021

A semi-automatic threshold method was used to segment each task based on the accelerometer
signal (flat zone detection, peak detection - see [13]). A combination of vertical shank
acceleration and hip and knee angular movement was used to detect gait events. Three gait cycles
were normalized on 0-100 points and averaged. Spatiotemporal parameters were derived from the
gait events. Joint angles were calculated based on a validated method, using the walking
functional sensor-to-segment calibration method described in [14].

McCarthy et al. 2013

Data analysis was performed using Poseidon software [reference to dysfunctional link of the Gait
Walk system]. Knee joint angles were calculated for the entire test. From this, a section with at
least 7 strides of steady-state walking was chosen. The stride with the lowest error to all strides
(e.g. ‘typical stride’) was analyzed.

Odonkor et al. 2020

Validated algorithms (e.g. rule-based stance event detection algorithms based on foot kinematics
as described in [15, 16]) were used to calculate gait events. Velocity and position of the foot
sensor by determined by numerical integration of gravity-corrected acceleration data, and was
drift corrected using zero velocity updates as described in [17]. Spatiotemporal parameters were
calculated based on gait events and the foot sensor trajectory. Heel strike and toe-off angles were
estimated based on integration of de-drifted angular velocity as described in [18].

Rahman et al. 2015

Sensor data was analyzed to calculate thigh and shank sagittal and coronal angles, spatiotemporal
parameters [no reference/ further description]. Discrete parameters were derived from a ‘typical
stride’.

Senden et al. 2011

Gait parameters were calculated using a commercial, non-disclosed algorithm, based on [19].

Staab et al. 2014

Accelerometer data was post-processed using a lowpass filter, fast Fourier transform, and spectral
analysis. Gravity was used to calibrate the sensors. Drift correction and calibration of the sensors
was performed in accordance with [20,21] . Symmetry parameters were calculated for foot-fall
and trunk measurements [no description on gait event detection using sensor data]. Acceleration
data was integrated to determine velocity and position.

Straaten van der et
al. 2020

3D joint angles were directly derived from the MVN BIOMECH software. Participants’ body
dimensions were measured to scale the model, and a static calibration was performed to align the
sensor to the body segments [no further description/ reference to validity of commercial
algorithm]. Kinematics were normalized from 0 to 100% using custom algorithms.

Tadano et al. 2016

The H-Gait system - first reported in [22] - was used in this study. This system uses a wire frame
model to measure lower limb posture during gait, which is based on body measurements,
calibration of the coordinate systems, and the sensor data from each segment (detailed
description in [23]). An initial static phase was required to estimate each sensors inclination with
respect to gravity, based on [24]. This static phase was then used to establish the rotation matrix
between the sensor coordinate system and the body segments coordinate systems. During walking,
gyroscope data was integrated to determine angular displacement and the updated sensor
orientation. From the obtained gait model, joint angles could then be estimated. Details on gait
event detection methods of this system were described in [25]. Heel strikes were detected by
angular velocity peaks around the mediolateral axis of the shank gyroscope and toe-off by
measuring the negative peaks of the relative distance of the toe position to the origin of the pelvis
coordinate system. Based on these gait events and the wire frame model, spatiotemporal
parameters could be determined.

Tanimoto et al. 2017

Angular velocity in the sagittal plane was low-pass filtered using a 4" order Butterworth filter
(cut-off = 20 Hz). Angular velocity peaks during swing were extracted. Heel contact points were
identified as anteroposterior acceleration peaks. Stride time was defined as the duration between
two consecutive heel strikes.

Vangeneugden et al.
2020

Data was filtered using a 7" order low-pass Butterworth (cut-off = 0.08 Hz). Static (< 5g) and
dynamic phases (> 5g) were discriminated based on a 1-second average of the summed magnitude
of acceleration vectors. Walking sequences were automatically extracted from the continuous
kinematic traces after smoothing of the thresholded traces (pseudo-Gaussian function with four
passes of the same sliding average in a 20 seconds window). The kinematic traces were
thresholded with a factor 5 to detect walking and a factor 20 to segregate walking from running
and or cycling. Walking bouts longer than 1 min were selected and the kinematic traces were
concatenated into one continuous trace. The first and last 10s were omitted to account for the
width of the smoothing window. From these continuous traces, peaks in the anteroposterior
acceleration signal were detected. Left and right steps could reliably be detected, and step and
stride time could subsequently be calculated.

Zhang et al. 2016

Sensor data was analyzed using Gait-View 3.8 (Minisun) [no reference/ further description]. Data
from specific time intervals (10 steps) were selected from steady-state period
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Abstract

Inertial sensors hold the promise to objectively measure functional recovery after total knee
(TKA) and hip arthroplasty (THA), but their value in addition to patient-reported outcome
measures (PROMs) has yet to be demonstrated. This study investigated recovery of gait after
TKA and THA using inertial sensors, and compared results to recovery of self-reported scores
of pain and functioning.

PROMs and gait parameters were assessed before and at two and fifteen months after TKA
(n=24) and THA (n=24). Gait parameters were compared with healthy individuals (n=27) of
similar age. Gait data were collected using inertial sensors on the feet, lower back, and trunk.
Participants walked for.two minutes back and forth over a 6m walkway with 180° turns.
PROMs were obtained using the Knee Injury and Osteoarthritis Outcome Scores and Hip
Disability and Osteoarthritis Outcome Score.

Gait parameters recovered to the level of healthy controls after both TKA and THA. Early
improvements were found in gait-related trunk kinematics, while spatiotemporal gait
parameters mainly improved between two and fifteen months after TKA and THA. Compared
to the large and early improvements found in of PROMs, these gait parameters showed a
different trajectory, with a marked discordance between the outcome of both methods at two
months post-operatively.

Sensor-derived gait parameters were responsive to TKA and THA, showing different recovery
trajectories for spatiotemporal gait parameters and gait-related trunk kinematics. Fifteen
months after TKA and THA, there were no remaining gait differences with respect to healthy
controls. Given the discordance in recovery trajectories between gait parameters and PROMs,
sensor-derived gait parameters seem to carry relevant information for evaluation of physical
functioning that is not captured by self-reported scores.

Recovery of gait capacity after TKA and THA

Introduction

Walking is essential for many activities of daily living, and a good walking capacity is key for
participation in society. Previous reports have identified walking speed as ‘sixth vital sign’,
given its correlation with essential health parameters, including quality of life, risk of future
hospitalization?, and mortality3. In individuals with end-stage osteoarthritis (OA) of the knee
and hip, walking capacity is reduced4, thereby leading to decreased physical functioning and
a lower quality of lifes. As final step in the treatment of severe knee and hip OA, total joint
arthroplasty can be performed in order to resolve OA-related symptoms (e.g. pain, stiffness,
instability) and improve physical functioning.

Although total knee arthroplasty (TKA) and total hip arthroplasty (THA) are very successful
and cost-effective procedures®, a subset of patients is dissatisfied with treatment outcome’®.
In addition to patients with identified complications, this includes patients who had an
uneventful procedure, but did not achieve their expected level of functional recovery’. Early
identification of individuals at-risk of limited functional recovery is crucial in order to enable
clinicianstointervene timely, and may help to readjust patient expectations®. However, it has
been challenging to identify these patients. In part, thisis due to a lack of outcomes of physical
functioning with good psychometric properties. Current diagnostics (e.g. radiographs,
physical exam, self-reported outcomes) are limited to static or non-weightbearing situations,
orare not necessarily reflective of someone’s actual performance during daily life activities'>%,
Moreover, patient-reported outcomes (PROMs) are inherently subjective, largely influenced
by pain, and suffer from early ceiling effects*4. Although PROMs often contain subscales
related to limitations in activities of daily life, such as KOOS/HOOS-ADL or WOMAC function
score, these outcomes seem to be more reliant on a patients’ own reflections on their capacity
rather than their actual performance®. Hence, there is a need for objective data that can
bridge this gap in clinical assessment.

As an alternative to these subjective scores, performance-based tests have been proposed to
objectively capture physical functioning. For example, evaluation of sit-to-stand transfers,
walkingshortdistances,andstairnegotiationhasbeenendorsed bythe OARSIascore-activities
for individuals with knee and hip OA*. While these tests are well-suited to quickly obtain a
global picture of a patient’s physical functioning, they are limited to a single outcome measure,
being the time to perform the task or activity, completed distance, or number of repetitions.
These tests provide no information about compensations or underlying biomechanics
relevant to the performance, and thus may lack important details. Wearable, inertial sensors,
are promising tools to instrument performance-based tests in order to obtain more detailed
insights into physical functioning. These inertial sensors are easy to use, have been proven
to be valid and reliable®, do not require lengthy procedures or specialized laboratories, and
can be used in clinal settings or even remotely in the home environment¥. Not surprisingly,
inertial sensors have gained interest over the past few years to objectively monitor changesin
physical functioning after total knee and hip arthroplasty*®. In particular, the focus has been
on studying gait recovery®, potentially due to the fact that gait parameters are predictive of
limitations in other activities of daily living* and gait improvements are an important goal for
patients after TKAand THA®. In the same settings, turning could also be evaluated®, which has
been suggested to be even more sensitive to sensorimotor impairments than straight ahead
gait®. However, before such technologies can be clinically adopted, it is important that the
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derived outcome measures fulfil the following requirements: they must 1) be sensitive to pre-
operative impairment, 2) be responsive to interventions aimed at improving mobility, and 3)
provide clinically relevant information about physical functioning.

Multiple gaitand turning parameters derived from inertial sensors have shown to be sensitive
to mobility impairment in end-stage knee and hip OA*. The next step herein is to evaluate
responsiveness of these parameters to unilateral TKA and THA, and to assess whether post-
operative function recovers to the level of healthy individuals. While recovery of gait has
previously been investigated using inertial sensors at different timepoints after TKA317.24-28
and THA®2»3 3 comprehensive study is lacking that maps the recovery trajectory —including
turning capacity — at multiple timepoints matching routine follow-up after TKA and THA. In
addition, there is a lack of clarity whether gait can be assumed to be ‘normal’ one year after
joint replacement3*34, Finally, little is known about how gait recovery compares to self-
reported recovery of physical functioning (e.g. PROMs). Therefore, the aims of this study
were threefold: 1) to investigate gait recovery at two and fifteen months after TKA and THA
using inertial sensors, 2) to compare gait 15 months after TKA and THA with data from healthy
participants, and 3) to compare recovery trajectories between objective gait parameters and
self-reported scores physical functioning.

Methods

Individuals with end-stage OA scheduled for TKA (n=24) or THA (n=24) at the Sint
Maartenskliniek participated in this study. A group of healthy controls (HC; n=27) within the
same age range of 50 to 75 years old was recruited from the community for reference purposes.
Healthy participants had no paininthelowerextremities, norwere they familiarwith a clinical
diagnosis of knee or hip OA. All participants had to be able to walk for more than two minutes
without the use of any assistive device. Exclusion criteria were: 1) joint replacement within
a year following surgery (including revisions), or symptomatic OA in another weight-bearing
joint than the joint scheduled for surgery, 2) BMI > 40 kg/m?, and 3) any other musculoskeletal
or neurological impairment interfering with gait or balance. Participants who received any
other joint replacement to the lower extremities, or had a revision surgery within the period
of fifteen months follow-up, were labelled as lost to follow-up. In these cases, data that
had been collected until the time of the second surgery was still used for analysis. Written
informed consent was obtained from all participants prior to testing. This study was exempt
from ethical review by the CMO Arnhem/Nijmegen (2018-4452) as it was not subject to the
Medical Research Involving Human Subjects Act (WMO). All study procedures were conducted
in accordance with the Declaration of Helsinki.

Sample sizes were based on the smallest difference that we aimed to detect in this study,
which was the difference in gait parameters between individuals 15 months afterarthroplasty
and HC. Effect sizes for this comparison were informed by studies from Senden et al.»s and
Kluge et al.”. When using a standardized mean difference for stride length of 1.1, a power of
80%, and a significance level of 0.05, 22 participants were required per group. To account for
potential drop-outs, 24 individuals were recruited for each study group.

Recovery of gait capacity after TKAand THA

TKA was performed using the medial parapatellar approach. All individuals scheduled for TKA
received the Genesis Il posterior stabilized knee prosthesis (Smith & Nephew, Memphis, TN).
The patellawasresurfaced in 58% of the patients. THAwas performed using the posterolateral
approach. Specific types of hip implants differed among individuals scheduled for THA and
are listed in Supplementary File 1. In total, TKA was performed by seven different surgeons
in this study, whereas THA was performed by ten different surgeons. All patients followed an
enhanced recovery protocol with mobilization on the day of surgery and hospital discharge
within two days.

All patientswere referred to out-of-hospital physical therapy, which wasfocused on optimizing
functionality, mobility, muscle power, coordination, stability, and walking improvement.
Although physical therapy protocols were not standardized, patients usually continued
physical therapy for 6-12 months, until their functional goals had been reached.

Severity of radiological OA was determined using Kellgren and Lawrence (KL) grades® as
scored by JS and VB. Baseline anthropometric characteristics (e.g. body mass, height, and BMI)
were obtained during the pre-operative screening visit. In addition, PROMs were assessed
using the Knee Injury and Osteoarthritis Outcomes Score (KOOS) for TKA® and Hip Disability
Osteoarthritis Outcome Score (HOOS)¥ for THA patients. More specifically, HOOS and KOOS
subscales “Pain” and “Activities of Daily Living (ADL)” were used to represent pain and physical
functioning. PROMs and gait were assessed pre-operatively — on the same day as the pre-
operative screening visit—and at two and fifteen months follow-up. Follow-up measurements
wereinitially set to take place at one year, but measurements were delayed with three months
due to the COVID-19 pandemic. Timepoints of follow-up were chosen to match routine follow-
up after TKAand THA in the Netherlands, and roughly reflect the moments when patients can
walk independently without an assistive device (e.g. 2 months) and when full recovery has
been achieved (e.g. 1year). For HC, gait was investigated at only one occasion.

Experimental procedures of the gait assessments were similar to the methods described in
Boekesteijn et al. Four inertial sensors (Opal V2, APDM Inc., Portland, OR) were attached to
the dorsum of both feet, the waist (sacrolumbar level), and the sternum. Participants walked
back and forth along a six meter trajectory making 180° turns for a total duration of two
minutes (Figure 1). Gait tests were performed at comfortable, self-selected speed.
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Figure 1: Overview of the experimental set-up and outcome parameters. Wearable inertial sensors were
used to capture gait parameters during a 2 min walk test over a six meter walkway with 180 degree turns.
The figure is adapted from Boekesteijn et al.

Raw inertial data was processed using validated Mobility Lab v2 software®. Turning steps
were separated from straight walking based on the gyroscope data of the lumbar sensor®. Gait
parameters were calculated foreach stride during steady-state walking phases, excluding the
two steps preceding and following a turn. Parameters were summarized as mean value of all
valid strides orturns. Based on non-redundancy and size of the difference between individuals
with end-stage knee and hip OA and HC as found previously?, the following outcomes were
extracted (Figure 1): 1) gait speed, 2) stride length, 3) cadence 4), step time asymmetry, 5) stride
time variability, 6) peak turning velocity, 7) lumbar sagittal range of motion, 8) lumbar coronal
range of motion, and 9) trunk coronal range of motion. Parameters were only evaluated for the
TKA or THA group in case they were previously found to be sensitive to mobility impairmentin
knee or hip OA%, For this reason, step time asymmetry, lumbar sagittal range of motion, and
lumbar coronal range of motion were not evaluated in the TKA group.

Recoverytrajectories of gait parametersand KOOS/HOOS scores were visualized on group level
by the mean and 95% confidence intervals (Cl). Linear mixed models with gait parameters and
KOOS or HOOS scores as dependent variable, time as two independent dummy variables (e.g.
T2 and T1s), and subject ID as random effect factor were constructed to investigate the effect
of time on gait and KOOS/HOOS scores for TKA and THA separately. Addition of random slopes
was evaluated, but these were notincluded in the final model for reasons of parsimony, as this
did not contribute to a better model fit. Gait parameters of TKAand THA groups were compared
with HC at 15 month follow-up using an independent samples t-test or non-parametric Mann-
Whitney U testin case data was not normally distributed. Inferences of statistical significance
were based on p<0.05. Since multiple outcome parameters were used for the same construct
(e.g. gait) we controlled the family-wise error rate using the Hommel procedure#, by adjusting
the p-values for the number of gait parameters involved in each comparison. To assess
discrepancies between gait and self-reported scores of physical functioning, we compared
trajectories between gait speed, which was found to be most sensitive to gait impairment in
knee and hip OA??, and KOOS/HOOS-ADL scores. Meaningful improvements were defined as

Recovery of gait capacity after TKA and THA

a change in gait speed >0.10 m/s* and a change in KOOS/HOOS ADL score »20 points*. Data
were processed in Python 3.8.3 and statistical analyses were conducted in RStudio 3.6.1 using
the Ime4 package (version 1.1-26)*.

Results

The study groups did not differ significantly in age, sex, height, or BMI (Table 1). Compared to
HC, body masswassignificantly higherinindividuals scheduled forTKAand THA. Allindividuals
scheduled for TKA or THA had moderate to severe OA (KL grades 3 or 4). In total we had missing
data for eleven participants. Three participants had a complication within the study window.
For details regarding missing data and complications, see Supplementary File 1.

Table 1: Baseline characteristics

TKA (n=24) THA (n=24) HC (n=27) Main effect Post-hoc
Age (y) 63 [61, 66] 64 [62, 67] 66 [63, 68] F(2,72)=0.81, p=0.448
Sex (M:F) 12:12 16:8 13:14 x? (2, N=75)=2.07,
p=0.355

Height (m) 1.73[1.69, 1.77] 1.75[1.72, 1.79] 1.72[1.68, 1.75] F(2,72)=0.98, p=0.381

Body mass (kg) 84.6 [78.6, 90.6] 86.0 [78.1, 94.0] 75.7 [71.5, 80.0] F(2,72)=3.66, p=0.031 TKA vs. HC:
t(49)=2.527; p=0.015
THA vs. HC:
t(49)=2.428; p=0.019

BMI (kg/m?) 28.2 [26.6, 29.9] 27.9 [25.6, 30.2] 25.7 [24.5, 26.8] F(2,72)=2.91, p=0.060

KL score (I:11:111:1V) 0:0:8:16 0:0:6:18 -

Note: TKA = total knee arthroplasty, THA = total hip arthroplasty, HC = healthy controls, BMI = body mass index, KL = Kellgren
Lawrence. Data are presented as mean [95% Cl]

Two months after surgery, gait speed, stride length, and cadence were not significantly
different from baseline, both after TKA and THA (Table 2; Figure 2A-C). Peak turning velocity
improved with 19.1 deg/s (95% Cl: 6.9, 31.5) in the first two months after THA, but not after TKA
(Table 2). There were no changesin step time asymmetry within the first two months after THA
(Table 2), nor were there changes in stride time variability after TKA and THA at this timepoint
(Table 2). As for kinematics of the trunk, trunk coronal RoM was slightly lower two months
after TKA (mean diff: -1.0 deg, 95% Cl: -1.6, -0.3) compared to pre-operatively, whereas lumbar
sagittal RoM was lower two months after THA (mean diff: -1.9 deg, 95% Cl: -3.0, -0.8) (Table 2).

Between two and fifteen months, large improvementsin gait speed, cadence,and stride length
were observed after both TKA and THA (Table 2; Figure 2A-C). For gait speed, the gain between
two and fifteen months was 0.22 m/s (95% Cl: 0.15, 0.29) after TKA and 0.14 m/s (95% Cl: 0.06,
0.20) after THA. Peak turning velocity did not change significantly (mean diff: 17.4 deg/s, 95%
Cl:1.7,33.0, p,, = 0.105) between two and fifteen months after TKA. There were no significant
improvements in turning velocity between two and fifteen months after THA (Table 2). Step
time asymmetry did not change between two and fifteen months after THA. There were no
changes in stride time variability, or trunk coronal RoM between two and fifteen months after
TKAand THA (Table 2). Individuals after THA showed an increase of 1.4 degrees (95% Cl: 0.6, 2.1)
in lumbar coronal RoM between two and fifteen months. Finally, none of the gait parameters
were significantly different from HC at fifteen months after TKA and THA (Table 3; Figure 2A-1).
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Figure 2: Recovery trajectories of gait parameters and PROMs. Dots with error bars represent group

means with 95% CI, whereas grey areas display HC group means with 95% ClI. Individual datapoints are

represented as small dots. Please note that dashed lines indicate linear recovery trajectories,

deviate from the actual situation. Note: TKA, total knee arthroplasty; THA, total hip arthroplasty; HC,

healthy controls

Changes on PROMs after arthroplasty

Two months after TKA, individuals improved on all KOOS subscales, except for ‘Symptoms’
(Table 4). For all other subscales, self-reported scores showed large improvements (> 20

points) with some individuals already reaching (sub)maximal scores (290 points) within the
first two months (Figure 2] & 2K). Further improvements were found for all KOOS subscales

from two to fifteen months follow-up (Table 4). As for the HOOS, all subscales improved from

baseline to two months after THA, as well as from two to fifteen months follow-up, with the

largest magnitude of effects taking place in the first two months (Table 4).



82 Recovery of gait capacity after TKA and THA Recovery of gait capacity after TKA and THA 83

(V]
N 55333
£ E S3sao When comparing recovery trajectories of self-reported scores with gait parameters,
g substantial differences were observed (Figure 2). Where KOOS and HOOS scores showed
”‘—I’ § large improvements over almost all subscales in the first two months after surgery (Table 4),
21g SRR gait parameters generally improved between 2 and 15 months, with the exception of trunk-
é E Tirad related gait parameters. More specifically, discrepancies between HOOS/KOOS-ADL scores
™ . .
& 5 Sesee and spatiotemporal parameters were present at two months after surgery. For gait speed
= specifically,there were nosignificant changes between baseline and two months after TKAand
o [ THA, while HOOS/KOOS-ADL improved with 42 points and 21 points, respectively. To illustrate,
é s § § § § § two months after surgery, 10/23 individuals after TKA reported meaningful improvements
2|~ ey vy in ADL scores, while merely 4/23 showed a meaningful improvement in gait speed. Similarly,
h g after THA, 20/23 individuals reported meaningful improvements in ADL scores at 2 months,
¢ (2 I . T . . . . .
PN s o~ S with 10/23 individuals showing meaningful improvements in gait speed.
© a o < 00 Y 0 wn
g (£ = EEEYEEEN
k] cococ
O |5 = ISR . .
=g = Discussion
=
g2 5 This study evaluated the use of inertial sensors to monitor functional recovery after TKA
& E TRAECI :f'-»;J and THA. In concordance with our previous work, that sensor-derived gait parameters were
=L o sensitive to knee and hip OA%, this study showed that these parameters were also responsive
. g. to TKA and THA at two and fifteen months after surgery, and recovered to the same level as
P g 8§8888| < HC fifteen months after surgery. In addition, discrepancies between recovery trajectories of
= |5 coocoo| 5§ . . .
S |a VYV VYL S spatiotemporal gait parameters and HOOS/KOOS scores were observed, particularly at two
E o g months post-operatively.
- |9 =
' C Iy =
wn | O O 00 O MmN ©
5 a M NN ™M g
= S e sSSoNS|
c S = 222" . . . . .
g E g E;;§§ % There were limited improvements in spatiotemporal gait parameters two months after
£ g ‘2 TKA and THA, which is in agreement with previous studies®33, However, the observed faster
h= s turning in absence of higher gait speed two months after THA is interesting, and may suggest
3 P E 25553 & that turning is more sensitive to short-term improvements in physical functioning after THA
p =) > S 8¢2| ¢ . . . S
© 5|2 3 S 3 S| = than gait speed. In contrast to these basic spatiotemporal parameters, normalization of trunk
%L E E movement was found already two months after TKA and THA. Pre-operatively, individuals
Eo g § o E with knee OA may increase lateral trunk lean as a strategy to reduce knee joint loading and/
§ B e TRAIIA|E or pain*+#¢, which is no longer required two months after TKA. Increased lumbar RoM in the
S § 5 E TREEE| B sagittal plane, in its turn, may serve as pre-operative compensation for individuals with hip
d INETI = . e .
4 2 § y RS N& 8 OA to overcome pain and hip joint stiffness#4%. Taken together, these results suggest that
§ = £ while two months is too early for meaningful recovery of spatiotemporal gait parameters,
g ° T 8 pre-operative compensations of the trunk and pelvis already disappear within the first two
§ % é sopeg| E months after TKA and THA.
> “n = n n - o
o o 0 v
B =} & n
o ,<¥_( Large and clinically relevant improvements were observed on spatiotemporal parameters
% S = between two and fifteen months after TKA and THA. This is in agreement with literature
E ¢ B § 2 g investigating gait with inertial sensors one year after TKA®2427 and THA3, Recovery of muscle
2 g g g ﬁ 5| & strength (e.g. quadriceps and hip abductors) — which coincides with this period*° — may
i = g S S > 9 . . . . . . T
4 S 8 s & £ I underly these improvements in walking capacity. As for trunk kinematics, both individuals
o T >52 423 N after TKAand THAshowed an increase in lumbar coronal RoM from two to fifteen months after
E SRR I surgery, which may relate to the restored ability of the hip abductors to control frontal plane



84

Recovery of gait capacity after TKAand THA

pelvic movement®>5, Compensations like lateral trunk lean, which limit pelvic RoM, are then
longer requireds:. When combining these results with those of gait recovery at two months, it
can thus be concluded that a wide range of sensor-derived gait metrics is responsive to TKA
and THA, with spatiotemporal parameters and trunk kinematics each showing a distinctive
recovery trajectory.

None of the gait parameters were different from HC mean values at fifteen months after
TKA and THA. This in contrast with some earlier studies reporting remaining gait differences
between HC and individuals one year after TKA¥325 or THA3, Although one year after
arthroplasty is generally considered as endpoint of recovery, these differences between
studies might be attributed to the longer follow-up time in our study. This seems like a
reasonable explanation given that improvements in gait were larger in our study compared
to these earlier studies®323, Our findings underscore the success of TKA and THA in improving
physical functioning, and indicate that normal spatiotemporal gait parameters and normal
trunk kinematics may be achieved 15 months after TKA and THA. Whether other aspects of
gait, including lower-extremity kinematics and kinetics, also recover to the level of healthy
controls remains to be elucidated. Despite our findings of full recovery after TKA and THA,
current literature suggest that more advanced parameters, including lower-extremity
kinematics and kinetics, may still reveal deficits in gait one year after surgery3»33:3,

Objective gait parameters showed a different recovery trajectory than subjective reports of
physical functioning and pain. Scores on the KOOS and HOOS greatly improved within the first
two months, while spatiotemporal gait parameters mainly improved between two and fifteen
months after surgery. Similar discrepancies between PROMs, gait, and performance-based
tests have previously been recognized in the literature*4325456_For example, inverse recovery
trajectories (i.e. early improvements in PROMs compared to worsening of performance-based
outcomes) have been observed between KOOS/HOOS ADL scores and performance-based
outcomes, including the 6 minute walk test, stair climbing test, and timed up and go test,
during the first month of recovery after TKA and THA®545¢, For sensor-derived gait parameters
specifically, poor agreement with PROM scores has been found after TKA and THA®?4, On a
similar note, Fransen et al. found that, although perceived walking ability and self-reported
physical functioning improved, there were no improvements in quality or quantity of daily life
gait three months after surgery?. The current study adds that the discordance between gait
parameters and self-reported physical functioning scores is most prominent at two months
aftersurgery, with the exception of parameters related to trunk motion. The general consensus
is that physical functioning subscales of PROMs assess a different domain than performance-
based tests and gait analysis This discrepancy may first be related to a strong relation of
physical functioning subscales with pain*4, as was also apparent from the similarity between
the recovery trajectories of HOOS/KOOS Pain and ADL subscales in our study. One potential
explanationforthisisthatimprovementsin paindirectly translate toa more positive reflection
ondaily life performance, and that patients considered pain as the main limiting factorin their
daily life activities. Second, these self-reported scores ask about experienced difficulty during
awide range of activities, rather than how they execute a specific activity, which is inherently
different from what these gait parameters measure. Finally, there is evidence that objective
parameters of physical functioning are more sensitive to remaining functional deficits after
TKA than PROMSs3?, which may be attributed to early ceiling effects of PROMs. Since improving
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mobility — specifically walking — is an important goal of joint replacement¥, these sensor-
derived parameters may thus add a relevant dimension to evaluation of physical functioning,
although their clinical value still has to be demonstrated.

This study hasa number of limitations which merit attention. First, we measured gait recovery
in a well-defined cohort of patients with unilateral osteoarthritis without pain complaints
in any other joint or previous joint replacement. While this was relevant for the aims of the
current study, this limits the generalizability of our findings. Second, in the present study,
evaluation of physical functioning was limited to gait and turning in the present study while
other daily life activities, including sit-to-stand transfers and stair climbing, are also relevant
for physical functioning after TKA and THA®, Third, gait parameters in this study were limited
to spatiotemporal parameters and gait-related trunk kinematics. Other parameters, such as
knee and hip kinematics that can be derived from a different set-up of inertial sensors may
provide additional information about gait recovery after TKA and THA, especially in light of
remaining gait deficits3. While the current study touches upon the potential value of objective
measurement of physical functioning, the actual value of clinical implementation of gait tests
cannot be derived from our study results. Future studies with larger samples and a more
diverse population are required to investigate the applicability of objective gait assessment
systems to identify poor-responders. Another valuable direction would be to explore whether
such data can be used to adjust patient expectations during clinical visits and to further tailor
post-operative care. Finally, there is a need for studies employing inertial sensors for remote
monitoring during daily life, which may not only enable more efficient (digital) healthcare
pathways in the future, but may also contribute to data with greater ecological validitys®s.

Conclusion

This study showed that objective gait measures derived from inertial sensors are responsive to
TKA and THA. Not only speed-related parameters, but also turning and trunk motion provide
important information about functional status before and at two and fifteen months after
joint replacement. There were no remaining gait differences between individuals after TKA or
THA and healthy participants at fifteen months. Recovery trajectories of objective gait data
were different from those of KOOS and HOOS ADL subscales, with a marked discordance at two
months after surgery. Altogether, these results strengthen the premise that sensor-derived
gait metrics may provide meaningful information about recovery of physical functioning after
TKA and THA that is not captured by self-reported ADL or pain scores.

85




86

Recovery of gait capacity after TKAand THA

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Schmid A, Duncan Pamela W, Studenski S, Lai Sue M, Richards L, Perera S, et al. Improvements in Speed-
Based Gait Classifications Are Meaningful. Stroke. 2007;38(7):2096-100.

Montero-Odasso M, Schapira M, Soriano ER, Varela M, Kaplan R, Camera LA, et al. Gait Velocity as a Single
Predictor of Adverse Events in Healthy Seniors Aged 75 Years and Older. The Journals of Gerontology: Series
A.2005;60(10):1304-9.

Hardy SE, Perera S, Roumani YF, Chandler M, Studenski SA. Improvement in Usual Gait Speed Predicts
Better Survival in Older Adults. Journal of the American Geriatrics Society. 2007;55(11):1727-34.

Thomas SG, Pagura SMC, Kennedy D. Physical Activity and its Relationship to Physical Performance

in Patients With End Stage Knee Osteoarthritis. Journal of Orthopaedic & Sports Physical Therapy.
2003;33(12):745-54-

Neogi T. The epidemiology and impact of pain in osteoarthritis. Osteoarthritis and Cartilage.
2013;21(9):1145-53.

Ethgen O, Bruyere O, Richy F, Dardennes C, Reginster |-Y. Health-Related Quality of Life in Total Hip and
Total Knee Arthroplasty: A Qualitative and Systematic Review of the Literature. |BJS. 2004;86(5).
Gunaratne R, Pratt DN, Banda |, Fick DP, Khan RJK, Robertson BW. Patient Dissatisfaction Following Total
Knee Arthroplasty: A Systematic Review of the Literature. The Journal of Arthroplasty. 2017;32(12):3854-60.
Anakwe RE, Jenkins PJ, Moran M. Predicting Dissatisfaction After Total Hip Arthroplasty: A Study of 850
Patients. The Journal of Arthroplasty. 2011;26(2):209-13.

Nilsdotter AK, Toksvig-Larsen S, Roos EM. Knee arthroplasty: are patients' expectations fulfilled? Acta
Orthopaedica. 2009;80(1):55-61.

Tolk JJ, Janssen RPA, Haanstra TM, van der Steen MC, Bierma-Zeinstra SMA, Reijman M. The influence of
expectation modification in knee arthroplasty on satisfaction of patients: a randomized controlled trial.
The Bone &Joint Journal. 2021;103-B(4):619-26.

Hossain FS, Konan S, Patel S, Rodriguez-Merchan EC, Haddad FS. The assessment of outcome after total
knee arthroplasty. The Bone & Joint Journal. 2015;97-B(1):3-9.

Bolink SAAN, Lenguerrand E, Brunton LR, Wylde V, Gooberman-Hill R, Heyligers IC, et al. Assessment of
physical function following total hip arthroplasty: Inertial sensor based gait analysis is supplementary to
patient-reported outcome measures. Clinical Biomechanics. 2016;32:171-9.

Fransen BL, Mathijssen NMC, Slot K, de Esch NHH, Verburg H, Temmerman OPP, et al. Gait quality assessed
by trunk accelerometry after total knee arthroplasty and its association with patient related outcome
measures. Clinical Biomechanics. 2019;70:192-6.

Stevens-Lapsley JE, Schenkman ML, Dayton MR. Comparison of Self-Reported Knee Injury and
Osteoarthritis Outcome Score to Performance Measures in Patients After Total Knee Arthroplasty. PM&R.
2011;3(6):541-9.

Dobson F, Hinman RS, Roos EM, Abbott JH, Stratford P, Davis AM, et al. OARSI recommended performance-
based tests to assess physical function in people diagnosed with hip or knee osteoarthritis. Osteoarthritis
and Cartilage. 2013;21(8):1042-52.

Kobsar D, Charlton JM, Tse CTF, Esculier J-F, Graffos A, Krowchuk NM, et al. Validity and reliability of
wearable inertial sensors in healthy adult walking: a systematic review and meta-analysis. Journal of
NeuroEngineering and Rehabilitation. 2020;17(1):62.

Fransen BL, Pijnappels M, Butter IK, Burger BJ, van Dieén JH, Hoozemans MJM. Patients’ perceived walking
abilities, daily-life gait behavior and gait quality before and 3 months after total knee arthroplasty.
Archives of Orthopaedic and Trauma Surgery. 2021.

Small SR, Bullock GS, Khalid S, Barker K, Trivella M, Price AJ. Current clinical utilisation of wearable

motion sensors for the assessment of outcome following knee arthroplasty: a scoping review. BM] Open.
2019;9(12):€033832.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Recovery of gait capacity after TKA and THA

Kobsar D, Masood Z, Khan H, Khalil N, Kiwan MY, Ridd S, et al. Wearable Inertial Sensors for Gait Analysis in
Adults with Osteoarthritis—A Scoping Review. Sensors. 2020;20(24).

Potter JM, Evans AL, Duncan G. Gait speed and activities of daily living function in geriatric patients.
Archives of Physical Medicine and Rehabilitation. 1995;76(11):997-9.

Scott CEH, Bugler KE, Clement ND, MacDonald D, Howie CR, Biant LC. Patient expectations of arthroplasty
of the hip and knee. The Journal of Bone and Joint Surgery British volume. 2012;94-B(7):974-81.

Boekesteijn RJ, Smolders JMH, Busch VJJF, Geurts ACH, Smulders K. Independent and sensitive gait
parameters for objective evaluation in knee and hip osteoarthritis using wearable sensors. BMC
Musculoskeletal Disorders. 2021;22(1):242.

Mancini M, Schlueter H, EI-Gohary M, Mattek N, Duncan C, Kaye |, et al. Continuous Monitoring of Turning
Mobility and Its Association to Falls and Cognitive Function: A Pilot Study. The Journals of Gerontology:
Series A. 2016;71(8):1102-8.

Bolink SAAN, Grimm B, Heyligers IC. Patient-reported outcome measures versus inertial performance-
based outcome measures: A prospective study in patients undergoing primary total knee arthroplasty. The
Knee. 2015;22(6):618-23.

Senden R, Grimm B, Meijer K, Savelberg H, Heyligers IC. The importance to including objective functional
outcomes in the clinical follow up of total knee arthroplasty patients. The Knee. 2011;18(5):306-11.

Jolles BM, Grzesiak A, Eudier A, Dejnabadi H, Voracek C, Pichonnaz C, et al. Arandomised controlled clinical
trial and gait analysis of fixed- and mobile-bearing total knee replacements with a five-year follow-up. The
Journal of Bone and Joint Surgery British volume. 2012;94-B(5):648-55.

Kluge F,Hannink, Pasluosta C, Klucken ], GaBner H, Gelse K, et al. Pre-operative sensor-based gait
parameters predict functional outcome after total knee arthroplasty. Gait & Posture. 2018;66:194-200.
Youn I-H, Leutzinger T, Youn J-H, Zeni JA, Knarr BA. Self-Reported and Performance-Based Outcome
Measures Estimation Using Wearables After Unilateral Total Knee Arthroplasty. Frontiers in Sports and
Active Living. 2020;2(128).

Reininga IHF, Stevens M, Wagenmakers R, Boerboom AL, Groothoff JW, Bulstra SK, et al. Comparison of gait
in patients following a computer-navigated minimally invasive anterior approach and a conventional
posterolateral approach for total hip arthroplasty: Arandomized controlled trial. Journal of Orthopaedic
Research. 2013;31(2):288-94.

Nelms NJ, Birch CE, Halsey DH, Blankstein M, McGinnis RS, Beynnon BD. Assessment of Early Gait
Recovery After Anterior Approach Compared to Posterior Approach Total Hip Arthroplasty: A Smartphone
Accelerometer-Based Study. The Journal of Arthroplasty. 2020;35(2):465-70.

Wada O, Asai T, Hiyama Y, Nitta S, Mizuno K. Gait Variability in Women With Hip Osteoarthritis Before

and After Total Hip Replacement: A Prospective Cohort Study. American Journal of Physical Medicine &
Rehabilitation. 2019;98(10).

Naili JE, Iversen MD, Esbjornsson A-C, Hedstrom M, Schwartz MH, Hager CK, et al. Deficits in functional
performance and gait one year after total knee arthroplasty despite improved self-reported function. Knee
Surgery, Sports Traumatology, Arthroscopy. 2017;25(11):3378-86.

Bahl JS, Nelson M), Taylor M, Solomon LB, Arnold JB, Thewlis D. Biomechanical changes and recovery

of gait function after total hip arthroplasty for osteoarthritis: a systematic review and meta-analysis.
Osteoarthritis and Cartilage. 2018;26(7):847-63.

Milner CE. Is gait normal after total knee arthroplasty? Systematic review of the literature. Journal of
Orthopaedic Science. 2009;14(1):114-20.

Kellgren JH, Lawrence |S. Radiological Assessment of Osteo-Arthrosis. Annals of the Rheumatic Diseases.
1957;16(4):494.

de Groot IB, Favejee MM, Reijman M, Verhaar JAN, Terwee CB. The Dutch version of the knee injury and
osteoarthritis outcome score: A validation study. Health and Quality of Life Outcomes. 2008;6(1):16.

87




88

Recovery of gait capacity after TKAand THA

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

de Groot IB, Reijman M, Terwee CB, Bierma-Zeinstra SMA, Favejee M, Roos EM, et al. Validation of the
Dutch version of the Hip disability and Osteoarthritis Outcome Score. Osteoarthritis and Cartilage.
2007;15(1):104-9.

Morris R, Stuart S, McBarron G, Fino PC, Mancini M, Curtze C. Validity of Mobility Lab (version 2) for
gaitassessmentin young adults, older adults and Parkinson’s disease. Physiological Measurement.
2019;40(9):095003.

El-Gohary M, Pearson S, McNames J, Mancini M, Horak F, Mellone S, et al. Continuous Monitoring of
Turning in Patients with Movement Disability. Sensors. 2014;14(31).

Hommel G. A stagewise rejective multiple test procedure based on a modified Bonferroni test. Biometrika.
1988;75(2):383-6.

Bohannon RW, Glenney SS. Minimal clinically important difference for change in comfortable gait speed of
adults with pathology: a systematic review. Journal of Evaluation in Clinical Practice. 2014;20(4):295-300.
Lyman S, Lee Y-Y, McLawhorn AS, Islam W, MacLean CH. What Are the Minimal and Substantial
Improvements in the HOOS and KOOS and JR Versions After Total Joint Replacement? Clinical Orthopaedics
and Related Research®.2018;476(12).

Bates D, Machler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using Ime4. Journal of
Statistical Software; Vol 1, Issue 1(2015). 2015.

Miindermann A, Dyrby CO, Andriacchi TP. Secondary gait changes in patients with medial compartment
knee osteoarthritis: Increased load at the ankle, knee, and hip during walking. Arthritis & Rheumatism.
2005;52(9):2835-44.

Hunt MA, Birmingham TB, Bryant D, Jones |, Giffin JR, Jenkyn TR, et al. Lateral trunk lean explains variation
in dynamic knee joint load in patients with medial compartment knee osteoarthritis. Osteoarthritis and
Cartilage. 2008;16(5):591-9.

Linley HS, Sled EA, Culham EG, Deluzio K]. Abiomechanical analysis of trunk and pelvis motion during gait
in subjects with knee osteoarthritis compared to control subjects. Clinical Biomechanics. 2010;25(10):1003-
10.

Hurwitz DE, Hulet CH, Andriacchi TP, Rosenberg AG, Galante JO. Gait compensations in patients with
osteoarthritis of the hip and their relationship to pain and passive hip motion. Journal of Orthopaedic
Research. 1997;15(4):629-35.

Lenaerts G, Mulier M, Spaepen A, Van der Perre G, Jonkers I. Aberrant pelvis and hip kinematics impair hip
loading before and after total hip replacement. Gait & Posture. 2009;30(3):296-302.

Mizner RL, Petterson SC, Snyder-Mackler L. Quadriceps Strength and the Time Course of Functional
Recovery After Total Knee Arthroplasty. Journal of Orthopaedic & Sports Physical Therapy. 2005;35(7):424-
36.

Ismailidis P, Kvarda P, Vach W, Cadosch D, Appenzeller-Herzog C, Miindermann A. Abductor Muscle
Strength Deficit in Patients After Total Hip Arthroplasty: A Systematic Review and Meta-Analysis. The
Journal of Arthroplasty. 2021.

Reininga IHF, Stevens M, Wagenmakers R, Bulstra SK, Groothoff JW, Zijlstra W. Subjects with hip
osteoarthritis show distinctive patterns of trunk movements during gait-a body-fixed-sensor based
analysis. Journal of NeuroEngineering and Rehabilitation. 2012;9(1):3.

Bolink SAAN, Brunton LR, van Laarhoven S, Lipperts M, Heyligers IC, Blom AW, et al. Frontal Plane Pelvic
Motion during Gait Captures Hip Osteoarthritis Related Disability. HIP International. 2015;25(5):413-9.
Outerleys |B, Dunbar M), Richardson G, Hubley-Kozey CL, Astephen Wilson JL. Quantifying Achievable
Levels of Improvement in Knee Joint Biomechanics During Gait After Total Knee Arthroplasty Relative to
Osteoarthritis Severity. Journal of Applied Biomechanics. 2021;37(2):130-8.

Dayton MR, Judd DL, Hogan CA, Stevens-Lapsley JE. Performance-Based Versus Self-Reported Outcomes
Using the Hip Disability and Osteoarthritis Outcome Score After Total Hip Arthroplasty. American journal
of physical medicine & rehabilitation. 2016;95(2):132-8.

55.

56.

57.

58.

59.

Recovery of gait capacity after TKA and THA

Luna IE, Kehlet H, Peterson B, Wede HR, Hoevsgaard S), Aasvang EK. Early patient-reported outcomes
versus objective function after total hip and knee arthroplasty. The Bone &Joint Journal. 2017;99-B(9):1167-
75.

Mizner RL, Petterson SC, Clements KE, Zeni JA, Irrgang JJ, Snyder-Mackler L. Measuring Functional
Improvement After Total Knee Arthroplasty Requires Both Performance-Based and Patient-Report
Assessments: A Longitudinal Analysis of Outcomes. The Journal of Arthroplasty. 2011;26(5):728-37.

Lange T, Schmitt J, Kopkow C, Rataj E, Giinther K-P, Liitzner ). What Do Patients Expect From Total Knee
Arthroplasty? A Delphi Consensus Study on Patient Treatment Goals. The Journal of Arthroplasty.
2017;32(7):2093-9.e1.

Van Ancum JM, van Schooten KS, Jonkman NH, Huijben B, van Lummel RC, Meskers CGM, et al. Gait speed
assessed by a 4-m walk test is not representative of daily-life gait speed in community-dwelling adults.
Maturitas. 2019;121:28-34.

Takayanagi N, Sudo M, Yamashiro Y, Lee S, Kobayashi Y, Niki Y, et al. Relationship between Daily and
In-laboratory Gait Speed among Healthy Community-dwelling Older Adults. Scientific Reports.
2019;9(1):3496.

89




Recovery of gait capacity after TKA and THA

Supplementary File 1

Types of hip implants

Fourteen patients with hip OA received an uncemented acetabular component (Allofit
Alloclassic®) with Cementless Spotorno (CLS) stem (Zimmer Biomet, Warsaw, IN). Seven
patients received the same acetabular component, but with a cemented Miiller stem (Zimmer
Biomet, Warsaw, IN) (n=6) or uncemented Wagner Cone Stem (Zimmer Biomet, Warsaw, IN)
(n=1). Finally, three patients received a cemented Miiller cup (Smith & Nephew, Memphis, TN)
with cemented Miiller stem (Zimmer Biomet, Warsaw, IN). In all patients a ceramic femoral
head (Biolox ®) and polyethylene insert (Durasul ®) was used.

Missing data and complications

Two participants (1 TKA, 1 THA) were unable to complete the gait test without assistive device
at two months after surgery. Fifteen months after surgery, three (THA) participants did not
participate due to COVID-19 related reasons, two (THA) received a contralateral arthroplasty,
one (TKA) moved abroad, one (TKA) was unable to complete the gait test without assistive
device, one (THA) did not want to participate for unspecified reasons, and one study visit
(TKA) fell outside the study window. Regarding post-operative complications, one patient had
stiffness after TKA with good recovery after manipulation under anesthesia (three months
post-operatively), one patient had an avulsion fracture of the trochanter major 8 days after
THA (without readmission), and one patient had a revision for dislocation after THA (five
months post-operatively) with no follow-up measurement at 15 months.
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Abstract

Knee osteoarthritis causes structural joint damage. The resultant symptoms can impair the
ability to recover from unexpected gait perturbations. This study compared balance recovery
responses to moderate gait perturbations between individuals with knee osteoarthritis and
healthy individuals.

Kinematic data of 35 individuals with end-stage knee osteoarthritis, and 32 healthy
individuals in the same age range were obtained during perturbed walking on a treadmill at
1.0 m/s. Participants received anteroposterior (acceleration or deceleration) or mediolateral
perturbations during the stance phase. Changes from baseline in margin of stability, step
length, step time, and step width during the first two steps after perturbation were compared
between groups using a linear regression model. Extrapolated center of mass excursion was
descriptively analyzed.

After all perturbation modes, extrapolated center of mass trajectories overlapped between
individuals with knee osteoarthritis and healthy individuals. Participants predominantly
responded to mediolateral perturbations by adjusting their step width, and to anteroposterior
perturbations by adjusting step length and step time. None of the perturbation modes yielded
between-group differences in changes in margin of stability and step width during the first
two steps after perturbation. Small between-group differences were observed for step length
(i.e. 2 cm) of the second step after mediolateral and anteroposterior perturbations, and for
step time (i.e. 0.01-0.02 s) of first step after mediolateral perturbations and the second step
after outward and belt acceleration perturbations.

Despite considerable pain and damage to the knee joint, individuals with knee osteoarthritis
showed comparable balance recovery responses after moderate gait perturbations to healthy
participants.

Dynamic balance of individuals with knee OA

Introduction

Knee osteoarthritis (OA) is adebilitatingjointdisease characterized by degradation of articular
cartilage and structural damage to the knee joint®. Common symptoms of knee OA include
pain, stiffness, muscle weakness, and fatigue. In addition, knee OA may lead to afferent and
efferent neural deficits, expressed by reduced vibratory sense? reduced proprioception3, and
poorer control over muscle force generation“. These symptoms could lead to impaired stability
during walking in individuals with knee OAs. Indeed, a large proportion of individuals with
knee OA (i.e. 67-76%) experiences local instability at the knee joint®7, and observational studies
suggest thatindividuals with knee OA are 25-54% more likely to experience a fall compared to
those without knee OA%™,

Gait stability comprises the control of the body’s extrapolated center of mass (XCoM) —which
is the center of mass (CoM) position plus its velocity vector divided by the inverted pendulum’s
eigenfrequency* — with respect to the limits of a continuously changing base of support
(BoS). This control mechanism can be challenged by the application of unexpected, external
perturbations, which has become a common method to study dynamic balance control in
humans®= The recovery from such perturbations relies on the integration of diverse sensory
inputs into an adequate motor response. Dynamic balance control is believed to be actively
regulated, particularly in the mediolateral (ML) direction®, whereas in the anteroposterior
(AP) direction, it may be relatively less controlled® due to exploitation of passive system
dynamics®. Three main mechanisms can be used to actively regulate AP and ML gait stability
during walking: 1) foot placement, 2) changing the position of the center of pressure under the
stancefoot,and 3) modulating the body’s angular momentum?2. Among the three mechanisms,
foot placement is considered the most dominant=,

Several earlier studies evaluated stability after ML4% and AP¥3° perturbations in individuals
with knee OA. However, these studies used different operationalizations of the concept
stability. Thatis, most studies focused on local (in)stability at the knee joint?+%, with outcomes
related to muscle activation patterns and/or knee kinematics, rather than focusing on
whole body responses. Of the two studies that evaluated stepping responses and/or trunk
kinematics following gait perturbations®, Pater et al. found impaired balance recovery
responses (i.e. lower step length and higher trunk flexion velocity) in individuals with knee OA
after experimentally induced trips®, whereas Elkarif et al. found differences in pelvic and hip
kinematics between healthy individuals and individuals scheduled for total knee replacement
following trip-like perturbations®. While these results suggest that whole body responses
after gait perturbations may be impaired in individuals with knee OA, direct evidence
supporting this notion is lacking.

Inthis study, we examined balance recovery response after moderate MLand AP perturbations
in individuals with knee OA, and compared them to responses of healthy peers walking at a
predefined, fixed speed. Given that individuals with knee OA show poorer proprioception3,
larger postural sway during standing%, and impaired balance recovery responses after
experimentally induced trips®®, we hypothesized that, compared to healthy participants,
individuals with knee OA would show a larger destabilization following perturbation, leading
toalargerXCoM excursionand alower MoSinthefirststep afterboth MLand AP perturbations.
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Methods

This study was part of a longitudinal study investigating real-life and challenging gait skills in
individuals scheduled for total knee arthroplasty (TKA) (https://osf.io/64ejm). Real-world gait
data of this study has been published as preprint®, Thirty-five individuals with end-stage knee
OA, scheduled for cruciate retaining TKA, and thirty-two healthy controls (HC) participated
in this study. Individuals with knee OA, who were candidates for posterior cruciate retaining
TKA at the Sint Maartenskliniek Nijmegen, were screened by a research nurse for eligibility.
Eligibility criteria included: 1) symptomatic and radiological knee OA (i.e. Kellgren-Lawrence
grade > 2), 2) intact posterior cruciate ligament, 3) correctable or <10° rigid varus or valgus
deformity ofthe knee,and 4)stable health (ASA-score < 3),5) aged between 40-8oyears. Healthy
participants were recruited from the community, in the same age range and with similar sex
distribution as the group of individuals with knee OA. Healthy participants were matched
to the individuals with knee OA that received the Journey Il CR implant (Smith & Nephew,
Memphis, TN, USA) based on age and sex (which was the case for 32 out of 35 participants),
allowing a maximum age difference of 5 years. Healthy participants had no diagnosis of knee
OA and had no self-reported pain complaints in the lower-extremities. Exclusion criteria for
both groups were: 1) BMI > 35 kg/m?, 2) moderate to severe knee, hip or ankle pain defined as
an average score >4 on items 3-6 of the Short Brief Pain Inventory; excluding the knee indexed
for TKA, 3) previous knee, hip, or ankle joint replacement, 4) any other musculoskeletal,
neurological, or uncorrected visual disorder impairing gait or balance. Informed consent was
obtained from all participants prior to the experiments. Ethical approval was obtained from
the CMO Arnhem/Nijmegen (2019-5824). All study methods were carried out in accordance
with the Declaration of Helsinki.

AP X-rays, available through regular clinical care, were scored by KD using the Kellgren
and Lawrence grades*. Anthropometric characteristics (height, body mass, and BMI) were
obtained on the same day as the gait assessment. For individuals with knee OA, this was on
average 1.8 months (IQR = 1.5) before TKA. All participants reported pain scores during activity
and rest using a numeric rating scale (NRS). In addition, the Knee injury and Osteoarthritis
Outcome Score — Physical Function shortform (KOOS-PS)* and the clinical and functional
score of the Knee Society Score (KSS)*® were obtained for individuals with knee OA. Fall history
was assessed by asking the participants if they had experienced a fall during the 3 months
preceding the study visit¥. If participants reported they had fallen, the number of falls was
recorded.

Participants walked on an instrumented split-belt treadmill (GRAIL, Motek Medical BV,
The Netherlands) that was surrounded by a 180° semi-cylindrical screen with a virtual
environment. For safety reasons, all participants wore a safety harness when walking on
the treadmill. Participants were equipped with twenty-three reflective markers, following
the Vicon Lower Body model®, with additional markers placed on Cz, and bilaterally on the
acromion process, humeral lateral epicondyle, and the ulnar styloid process. These additional
markers were used to account for trunk and arm movements in the CoM estimation39. Marker
data were acquired using a ten-camera motion capture system (Vicon, Oxford, UK).

Dynamic balance of individuals with knee OA

Participants were first familiarized with the experimental set-up, including walking on
the treadmill with virtual environment. Subsequently, comfortable walking speed was
determined using the protocol described in Hak et al.#°, which started at a speed of 0.5 m/s
with increments or decrements of 0.05 m/s. After these procedures, the perturbation protocol
was performed. During the perturbation protocol, walking speed was fixed at 1.0 m/s, which
was based on the mean overground comfortable walking speed of individuals with knee OA
(e.g. 0.97 m/s; SD = 0.174) and confirmed to be feasible during pilot testing.

The perturbation protocol consisted of four different perturbation modalities: 1) ML
inward perturbations, 2) ML outward perturbations, 3) AP belt accelerations, and 4) AP belt
decelerations (Fig. 1A). ML perturbations were induced by 4.5 cm platform translationsin 0.05
s(Fig.1B), during which the stance leg was either moved towards (i.e. inward) or away from (i.e.
outward) the CoM. For ML perturbations the platform always returned to the middle, neutral
position 5 seconds after initial perturbation. AP perturbations were induced by changes
in unilateral belt speed (i.e. belt accelerations or decelerations) with a speed difference
of £ 0.6 m/s in 0.5 s (Fig. 1B). All perturbation modalities were triggered at heel strike and
delivered during the stance phase (Fig. 1B), ensuring sufficient time for adjustments in foot
placement**4, For both AP and ML perturbations, we aimed to have the largest perturbation
magnitude possible withinthe limits of the system, forwhich it wasstill feasible forindividuals
with knee OA to complete multiple repetitions without falling or touching the handrail.
Feasibility of the perturbation magnitudes was qualitatively evaluated during pilot testing
in healthy individuals (n=3), individuals with knee osteoarthritis (n=3), and individuals with
hip osteoarthritis (n=1). During these pilot tests we evaluated ML platform displacements of
3 and 4.5 cm, and AP belt accelerations and decelerations of £0.3 m/s, £0.6 m/s, and 0.9 m/s.
All participants reported 4.5 cm platform translations — which was the maximum possible
displacement — and changes in belt speed of £0.6 m/s to be feasible. In contrast, changes in
belt speed of 0.9 m/s caused too much discomfort or anxiety, and participants commonly
grabbed the handrail. Hence, we opted for a magnitude of 4.5 cm for ML perturbations and a
change in belt speed of 0.6 m/s for AP perturbations.

All perturbation modalities were applied to both the affected and the unaffected leg, yielding
atotal of 8 unique perturbations. The definition of side in healthy participants was matched to
the affected side ofanindividual with TKAwith similarsexand age. Each perturbation modality
was repeated four times, to account for individual variation in balance recovery responses.
In order to keep the uninterrupted walking duration manageable for our participants,
perturbations were divided over four blocks of perturbations (Fig. 1C). ML perturbations were
administered in the first two blocks, and AP perturbations in the last two blocks. These blocks
consisted of 8 trials and lasted approximately 3 minutes. Each block was followed by 2 minutes
of rest to prevent unacceptable levels of pain and/or fatigue. The order of perturbations was
fixed, but concealed to the participants. The duration between two consecutive perturbations
was at least 7 seconds to ensure sufficient recovery from the perturbation#44, The exact
interval between perturbations varied in order to prevent anticipation, and was on average
1112 seconds for ML perturbations and 12+2 seconds for AP perturbations.
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A) Definitions of all perturbation modalities
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Figure 1: Overview of the experimental design. A) Definitions of the different ML (left) and AP (right)
perturbation modalities. The direction of the platform translation or change in belt speed is indicated
by the pink arrow. B) The detailed perturbation profiles for ML (left) and AP perturbations (right). T=o,
indicated by the grey line, corresponds to the heel strike of the perturbed leg. C) Perturbations were
divided into 4 separate blocks of walking. Each color represents a specific perturbation modality. The
order of these perturbations was fixed, but concealed to the participant. First trials of each modality,
indicated by the grey box, were removed from the analysis.

Dynamic balance of individuals with knee OA

Data were processed in Octave 6.3.0 and figures were prepared in Python 3.8.3. Marker data
were filtered using a 2nd order low-pass Butterworth filter with a cut-off frequency of 10 Hz.
Gaiteventswere detected using the velocity-based algorithm described by ZeniJr.etal.%s. From
marker data, the CoM position was determined using the methods described by Tisserand et
al.». Subsequently, the XCoM was calculated based on the inverted pendulum model, using
the formula presented by Hof et al.*%

vCoM + vBelt
()

where XCoM is the body’s extrapolated center of mass, CoM the CoM position, vCoM the CoM velocity, vBelt the belt speed
(1.0 m/s for the anteroposterior direction), g the gravitational acceleration (9.81 m/s?), and | is defined as the pendulum height
(height of the CoM).

XCoM = CoM +

To descriptively analyze CoM and XCoM, trajectories were time normalized from the second
step before perturbation until the fifth step after perturbation. In addition, CoM position at
heel strike before perturbation was subtracted from the entire time series, such that group
averages could be taken. The MoS was calculated separately in the ML and the AP direction.
For the AP direction, MoS was calculated as the difference between the toe marker and XCoM
at heel strike. For the ML direction, MoS was calculated as the minimum of the difference
between the ankle marker and XCoM position during stance, which was approximately at the
instant of opposite toe-off*2, Positive MoS values indicate instantaneous stability, whereas
negative MoS values indicate instantaneous instability. Discrete parameters (MoS, step time,
step length, and step width) were calculated for the three steps before each perturbation (i.e.
step-2, step-1, and pre) until five steps after perturbation (i.e. post1 — posts). Step length was
defined as the difference in AP position of the heel markers between two consecutive heel
strikes, plus step time times belt speed. Step width was defined as the difference in ML position
of the heel markers between two consecutive heel strikes. For both step length and step width
calculations, we accounted for changes in belt speed or platform translation, such that these
parametersincludedthe distance from the perturbation. Firstrepetitions ofeach perturbation
mode were removed from analysis, as they may elicit inherently different responses than later
repetitions (e.g. due to first trial effect;*6). In addition, all responses during which the handrail
was touched were removed from analysis. Touching of the handrail was visually identified by
the investigator. To evaluate whether the omission of first trials impacted our study results,
we performed an additional analysis including only the first repetition of each perturbation
modality (Supplementary File 1).

To reduce the risk of type | errors, between-group effects were only tested in the first two
steps after perturbation (i.e. post-1and post-2). For similar reasons, we only compared data of
perturbationsto the affected leg between groups, as the largest differences could be expected
here. The two steps before each perturbation trial (step-2 and step-1) were combined into
a baseline score to reduce noise and average out potential asymmetries. For each outcome
measure, two separate linear regression models were created, with difference from baseline
as the dependent variable (AYpost1/2), group as independent variable, and baseline score
(Ybaseline) and trail as covariate:
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Model 1: AY __ =Bo+p1*group+p2*Y

post1 baseline

Model 2:AY, = B0 +B1*group +B2*Y,

+ B3 *trial
+ 33 * trial

t: baseline

In these models Y was the variable of interest (i.e. MoS, step width, step length, or step
time). Between-group differences (i.e. 1 derived from the models) were reported as mean
differences with 95% confidence intervals. Furthermore, changes over time (i.e. AYpost1 and
AYpost2) were estimated. If there was no significant group effect (p > 0.05), the factor group
was removed from the statistical model to estimate AYpost1/2 for all participants. XCoM and
CoM trajectories were descriptively analyzed. Statistical analysis was performed in RStudio
using the stats package (version 4.1.2).

Results

Baseline characteristics are provided in Table 1. Individuals with knee OA had a higher body
mass, higher BMI, and experienced more pain during activity and rest compared to healthy
controls. Comfortable walking speed was -0.21 m/s lower in individuals with knee OA than
in healthy controls. Four participants with knee OA (11%) and two healthy participants (6%)
reported they had fallen during the preceding 3 months.

Table 1: Baseline characteristics of both study groups

Parameter Knee OA (n=35) Controls (n=32) Mean difference [95 % CI]
Age (y) 65 (9) 64 (10) 1[-4;5]
Sex (M:F) 14:21 13:19 -
Body height (m) 1.73 (0.11) 1.75 (0.07) -0.02 [-0.06; 0.03]
Body mass (kg) 86 (15) 75 (11) 11 [4; 17]
BMI (kg/m?) 28.5 (3.3) 24.6 (3.1) 3.9 [2.3; 5.4]
KL score (I:1I:111:1V) 0:0:10:25 - -
KOOS-PS (0-100) 54 (13) - -
NRS pain at rest (0-10) 4.1 (2.4) 0.5 (1.0) 3.6 [2.7; 4.5]
NRS pain during activity (0-10) 6.2 (2.0) 0.7 (1.0) 5.5[4.7; 6.3]
Comfortable walking speed (m/s) 0.95 (0.19) 1.16 (0.19) -0.21 [-0.30; -0.11]
Number of falls per participant 31:3:1:0 30:1:0:1 -
during preceding 3 months
(0:1:2:3)

Note: BMI = body mass index, KL = Kellgren Lawrence, KOOS-PS = Knee Osteoarthritis Outcome Score — Physical Function
Shortform, NRS = numeric rating scale. KOOS-PS scores were transformed to a 0-100 scale with a score of 100 representing
no difficulty. For the KSS, only the clinical and functional score were obtained, which were rated on a 0-100 scale with 100
representing best function. For NRS pain ratings, o represented no pain and 10 the worst possible pain

We had missing data for one individual with knee OA during the ML perturbations, and for 4
individuals with knee OA during AP perturbation trials. Reasons for missing data were: unable
to complete the task due to pain or physical impairment (ML: n=1; AP: n=2), fear (n=1, AP), and
lack of time (n=1, AP). Although these participants did not report any falls in the preceding 3
months, their KOOS-PS (range: 38-54) and NRS pain scores during rest (range: 7-9) and activity
(range: 7-9) were worse than the group average. Furthermore, six trials of individuals with
knee OA (inward affected (n=3), belt acceleration affected (n=1), belt deceleration affected
(n=2)) were not analyzed as the handrail was touched during the balance recovery response.
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For inward perturbations, there was no direct effect of the perturbation visible on the XCoM
trajectory (Fig. 2). Between the first and second step after perturbation, the XCoM moved
approximately 0.05 m less laterally, whereas XCoM excursion was markedly higher between
the second and third step after perturbation. XCoM trajectories overlapped between
individuals with knee OA and healthy participants. Participants predominantly responded to
inward perturbations by lowering their step widths. In both groups, step width decreased with
0.09 m atstep 1and step 2 compared to baseline (Fig. 3& Table 2). This resulted in a decrease in
ML MoS of 0.03 m (95% Cl: 0.03,0.04) in the first step, and an increase of 0.01 m (95%: 0.01, 0.02)
in the second step compared to baseline. Small between-group differences were observed for
step time in the first step after perturbation (mean diff = -0.01 m, 95% Cl: -0.01, -0.00) and for
step length in the second step after perturbation (mean diff =-0.02 m, 95% Cl: -0.04, -0.00). In
the first step after perturbation, step time was 0.01 s longer in healthy individuals, whereas
step time did not change in individuals with knee OA. In the second step after perturbation,
step length was not different from baseline in healthy individuals, whereas step length was
-0.02 m (95% Cl: -0.03, -0.01) lower in individuals with knee OA.
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Figure 2: Trajectories of mean center of mass (CoM) and extrapolated center of mass (XCoM) from two
steps before until five steps after gait perturbations. Mean values are indicated by the solid and dotted
lines. Shaded areas around the extrapolated XCoM represent the standard deviation. Duration of the
perturbation (‘pert’) is highlighted by the grey area. For mediolateral perturbations, belt displacement is
alsoindicated by a black line within the grey area.
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Belt acceleration did not have an immediate effect on the XCoM trajectory. Between the
first and second step after perturbation, however, the XCoM moved more anteriorly (Fig. 2),
with both groups showing overlapping XCoM trajectories. In response to belt acceleration,
participants predominantly changed their step length and step time (Fig. 4). In the first step
after perturbations, step length was 0.10 m (95% Cl: 0.09, 0.10) longer compared to baseline
in both groups. Step time was 0.02 s (95% Cl: 0.02, 0.02) shorter than baseline in both groups.
Compared to baseline, AP MoS was 0.05 m (95%: 0.04, 0.05) lower in the first step, followed
by a 0.03 m (95% Cl: 0.02, 0.03) higher AP MoS in the second step. Changes in AP MoS after
acceleration perturbations were similar between individuals with knee OA and healthy
individuals (Table 3). At the second step after perturbation, there was a significant group effect
on changes in step length (p=0.012) and step time (p=0.002). Individuals with knee OA showed
a2 0.02m (95% Cl: 0.00, 0.04) larger decrease in step length compared to baseline, and a 0.02's
(95% Cl: 0.01, 0.03) larger reduction in step time. Changes from baseline on step width were
small and did not differ between the groups (Table 2).

Belt deceleration perturbations attenuated the forward movement of the XCoM during the
firstrecoverystep.Consequently the XCoM was relatively more posteriorat the firstand second
step after perturbation (Fig. 2). There were no differences between groups in XCoM trajectory,
although the standard deviation of the XCoM trajectory after belt deceleration seemed to be
larger in individuals with knee OA. Belt deceleration resulted in a lower step length (mean
diff =-0.18 m, 95% Cl: -0.19, -0.16) in the first step after perturbation. In the second step after
perturbation, there was a significant group effect on step length (p=0.010). Step length was
0.06 m (95% Cl: 0.05, 0.07) higher in healthy individuals compared to baseline, whereas this
was 0.04 m (95% Cl: 0.02, 0.05) for individuals with knee OA. Compared to baseline, step time
was 0.01 s (95% 0.00, 0.01) shorter in the first step after belt deceleration, and 0.04 s (95% Cl:
0.03, 0.04) longer in the second step. There were no group effect on AP MoS in the first and
second steps after perturbation (Table 3). For both groups, AP MoS was 0.03 m (95% Cl: 0.02,
0.03) lower in the first step after belt deceleration, and 0.06 m (95%: 0.05, 0.06) lower in the
second step. Similar to belt acceleration, the effects of belt deceleration on step width were
small and did not differ between the groups (Table 3).
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Discussion

In this study we compared balance recovery responses to moderate ML and AP gait
perturbations between individuals with end-stage knee OA and their healthy peers.
After inward as well as outward ML perturbations, individuals with knee OA showed very
comparable balance recovery responses to healthy individuals, with only a slightly larger
decrease in step length in the second step after perturbation in individuals with knee OA. In
both groups, beltacceleration resulted in alower AP MoS, and longer step lengths with shorter
step times during the first step after perturbation. In the second step after belt acceleration,
there was a decrease in step length and step time, which was marginally larger in individuals
with knee OA than in healthy individuals. Belt deceleration resulted in a lower AP MoS, and
shorter steps with shorter step times in the first step after perturbation in both groups. This
initial response was followed by longer steps with longer step times in the second step after
perturbation, with individuals with knee OA showing a slightly smallerincrease in step length.
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Thus, in contrast to our hypothesis, we did not find convincing evidence for impaired balance
recovery responses to moderate gait perturbations in individuals with end-stage knee OA.
None of the perturbation modes resulted in group differences in MoS, which was our main
outcome of interest. Although it could be argued that taking relatively faster and shorter
steps to regain stability — as we found after ML and AP perturbations — may be indicative of
poorer balance control¥, these group differences were relatively small (i.e.2cm for step length
and 0.02 s for step time). Two main explanations for minor differences between groups can
be postulated. To begin with, individuals with knee OA in our study may not have had gait
instability, or had only minor localized impairments that they effectively compensated for.
Alternatively, our experimental paradigm may not have been challenging enough to trigger
large enough balance threats and elucidate instability in the knee OA group. Both options are
discussed below.

Given that knee OA leads to a reduced number of mechanoreceptors in the knee capsule
and ligaments*, reduced proprioceptions3, lower quadriceps strength?, and pain, it would be
expected that individuals with knee OA have poorer stability than healthy older adults. While
postural sway during quiet standing was indeed higher in individuals with knee OA3*32, and
local dynamic stability tended to be lower during unperturbed walking when compared to
healthy adultss, these reported differences were relatively small. Moreover, it is yet unclear if
deviations in these type of balance metrics translate to problems with recovery from external
perturbations. So far, studies investigating responses to perturbations in individuals with
knee OA have shown mixed results®3°. For example, Schrijvers et al. found larger knee flexion
angles and increased co-contraction after AP perturbations in individuals with knee OA with
self-reported instability?. Pater et al. found a less optimal recovery strategy from trips over an
obstacle during overground walking in individuals with mild to moderate knee OA compared
totheirhealthy peers?,although the number of fallers after perturbation was similar between
groups. In contrast, Kumar et al.s and Baker et al.? found no effect of moderate to severe knee
OA on change in knee muscle activation and knee kinematics after ML gait perturbations (i.e.
5.8 cm and 3 cm, respectively). Interestingly, none of these studies focused on whole body
movement. It may thus well be that individuals with knee OA use adaptations in knee joint
kinematics and muscle activation to achieve similar balance recovery responses as healthy
individuals. Moreover, to overcome poorer proprioception due to knee OA, the redundancy of
afferent input to and processing within the sensorimotor control system can be exploited+.
By using sensory reweighting, individuals with knee OA may rely more on somatosensory
information from other, unaffected structuress. In light of our results, dynamic balance
control may thus still be maintained inindividuals with knee OA. Our observation that—in this
study — fall rates of individuals with knee OA were relatively low and comparable to healthy
individuals further supports that individuals with knee OA in this study may not have had
large gait stability problems.

Asecond explanation for the absence of evident instability in the knee OA group could be that
the perturbation was insufficiently destabilizing. That is, the ML and AP MoS values before
onset of the perturbations in both study groups were higher than (or close to) the perturbed
distance (i.e. 4.5 cm for ML perturbations and 12.5 cm for AP perturbations), indicating that
there was already some room to cope with these perturbations at baseline. Since the current
perturbations were relatively well tolerated by individuals with knee OA, a larger intensity
perturbation with potentially better discriminatory capacity may have been feasible. Despite
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this point, our perturbation paradigm led to clear adaptations in the gait pattern, suggesting
that it did challenge the sensorimotor control system. In general, responses to these type of
treadmill perturbations seem to be robust, as balance recovery responses in our study were
comparable to perturbation responses of healthy young®5:52 and older adults*®*s* in previous
studies with very similar paradigms. Although it might be expected that these paradigms
would result in different responses in groups with evident balance problems, this is not yet
confirmed in the literature.

This study had a number of limitations that warrant mentioning. First, standardization of
walking speed may have led to unnatural walking behavior in some participants as well as
differences in experienced difficulty between study groups. Nonetheless, standardization
was necessary to separate a potentially confounding influence of walking speed from the
effects of knee OA on balance recovery responses. Moreover, the fixed walking speed was very
close to the comfortable walking speed of individuals with knee OA. Secondly, our sample of
individuals with unilateral, end-stage knee OA who were scheduled for cruciate retaining
total knee arthroplasty may not be representative of all individuals with knee OA. Given
that our study group was relatively active, did not have complaints in other joints, and fall
rates were low, generalization of our results to the whole knee OA population should be done
cautiously. Another important methodological consideration is that we opted for relatively
short intervals between perturbations to keep the total walking duration manageable.
Although our data indicates that stepping characteristics sufficiently returned to baseline
within this timeframe, these intervals may have been too short for other factors to recuperate,
such as muscle activation and anxiety. In addition, we used a simplified definition of the BoS
inour calculation of the MoS —which was based on marker data rather than center of pressure
data —due to the disruptive effects of the perturbation on the center of pressure estimation.
Modulation of the center of pressure in response to the perturbations may have been different
between groups, but could not be captured in our study. Finally, we omitted first trials from
analysis as they elicited startle-like responses and were difficult to quantify in a uniform way.
Inlight of fall risk, however, itisimportant to note that first trials are most ecologically valid to
assess. Nevertheless, additional analysis of only the first trials (Supplementary File 1) indicated
thatthe impactofthischoicein data analysis on our results was minimal, given that between-
group differences were relatively similar for first trials compared to those of later trials.

Conclusions
Despite considerable knee pain and structural damage to the knee joint, balance recovery

responses to moderate gait perturbations in individuals with knee OA were not substantially
different from healthy individuals.
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Figure 2: Discrete gait parameters before and after mediolateral gait perturbations for only the first Figure 3: Discrete gait parameters before and after anteroposterior gait perturbations for only the first
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Abstract

Improving mobility is a key treatment goal of total knee arthroplasty (TKA), however, objective
indicators to evaluate mobility are lacking in clinical settings. The aim of this study was to
comparereal-worldgaitandturningbetweenindividualsscheduled fortotal kneearthroplasty
(TKA) and healthy controls, using continuous monitoring with inertial measurement units
(IMUs).

Real-world gait and turning data were collected for 5-7 days in individuals scheduled for TKA
(n=34) and healthy controls (n=32) using IMUs on the feet and lower back. Gait and turning
parameters were compared between groups using a linear regression model. Data was further
analyzed by stratification of gait bouts based on bout length, and turns based on turning angle
and turning direction.

Dominant real-world gait speed was 0.21 m/s lowerin individuals scheduled for TKA compared
to healthy controls. The between-group difference in gait speed was -0.10 m/s for bouts
containing 0-10 strides and -0.15 m/s for bouts with 160+ strides. Stride time was 0.05 s higher
in individuals scheduled for TKA. Step time asymmetry was not different between the groups.
Regarding walking activity, individuals scheduled for TKA walked 72 strides/hour less than
healthy controls, and maximum bout length was 316 strides shorter. Irrespective of the size of
the turn, turning velocity was lower in individuals scheduled for TKA. Turning velocity did not
differ between turns over the affected leg compared to the unaffected leg.

Individuals scheduled for TKA showed specific walking and turning limitations in the real-
world. Parameters derived from IMUs reflected a rich profile of real-world mobility measures
indicative of walking limitation of individuals scheduled for TKA, which may provide a relevant
outcome dimension for future studies.

Gait performance in individuals scheduled for TKA

Introduction

Individuals with knee osteoarthritis (OA) have difficulty walking, illustrated by reduced gait
capacity compared to their healthy peers*2 Gait capacity, defined as what people ‘can do) is
essential for activities of daily living and to participate in society3. These limitations in gait
capacity can translate to a lower gait performance, i.e. to what people ‘actually do’ in the
real-world, including a lower walking activity+s. As walking itself may counteract functional
decline®s, low walking activity could lead to further worsening of gait capacity in individuals
with knee OA. Given this apparent vicious circle between limitations in gait capacity and
walking activity, mitigating walking limitations is of great importance to individuals with
knee OA™ and constitutes a reason to consider total knee arthroplasty (TKA)**, Insights about
the extent of walking limitation is therefore relevant for individuals with knee OA opting for
TKA.

Adrawback of measuring of gait capacity is that it not necessarily corresponds with measures
of gait performance®*4. With assessment of gait capacity usually being conducted in gait
laboratories or other relatively controlled settings, its ecological validity may be limiteds,
Furthermore, data collection is typically restricted to a few short bouts of straight-ahead
walking. This does not align with the fact thatindividuals with knee OA often report problems
with longer bout durations, when pain becomes the dominating factor. Also, the focus on only
straight-ahead gait does not match with real-world walking, when changes in direction are
very common¥, Moreover, turning during walking has been associated with fall risk, which is
increased in individuals with OA®.

Inertial measurement units (IMUs) have facilitated research into real-world mobility,
enabling unobtrusive and continuous recording of gait and turning performance. In contrast
to elderly and neurological populations®%-2, studies evaluating real-world gait and turning
in individuals with knee OA are scarce?», Of these studies, only Chapman et al.? compared
individuals scheduled for TKA with a healthy control group. However, only knee kinematics
were evaluated in this study¥. Moreover, in this study, the data from different gait bouts were
collapsed into one mean value, while the capture of gait during multiple days also enables to
differentiate between short and longer walking periods2022243,

The aim of this study was to compare real-world gait and turning between individuals with
knee OA,whoare scheduled for TKA, and healthyindividuals. We hypothesized thatindividuals
scheduled for TKA would show poorer real-world gait and turning metrics compared to
healthy individualsin the same age range. Capitalizing on the rich data set capturing multiple
days of activity for each individual, we also explored the role of gait bout length on between-
group differences in gait performance.

Method

Participants

Thirty-four individuals scheduled for TKA and thirty-two healthy individuals participated in
this study. This study was part of a longitudinal study investigating real-life and challenging
gait skills in individuals receiving posterior cruciate retaining TKA (https://osf.io/ec6nf/). This
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study was powered to detect differences in real-world gait speed between individuals 1 year
after TKAcompared to healthy participants. As the difference in real-world gait speed between
these groups is likely higher before than 1 year after TKA, we expected to have sufficient
power for the current study. Individuals, aged 40-80 years, who were candidates for posterior
cruciate-retaining TKA at the Sint Maartenskliniek were screened for eligibility by a research
nurse. Eligibility criteria included: 1) symptomatic and radiographic knee OA (i.e. Kellgren-
Lawrence grade 2 2), 2) intact posterior cruciate ligament, 3) correctable or <10° rigid varus
or valgus deformity of the knee, and 4) stable health (ASA-score < 3). Healthy participants did
not have a diagnosis of knee OA, and were recruited from the community, striving for a similar
distribution of age and sex as our study group with individuals scheduled for TKA. Participants
were excluded based on the following criteria: 1) BMI > 35 kg/m2, 2) moderate to severe knee,
hip or ankle pain defined as an average score >4 on items 3-6 of the Short Brief Pain Inventory;
excluding the knee indexed for TKA, 3) previous knee, hip, or ankle joint replacement, 4) any
other musculoskeletal, neurological, or uncorrected visual disorder impairing gait or balance.
This study was approved by the CMO Arnhem Nijmegen (2019-5824). All participants provided
written informed consent and all procedures were in accordance with the Declaration of
Helsinki. This sub-analysis was pre-registered on OSF (https://osf.io/dawveé).

Clinical assessment

Anterior-posterior X-rays of the knee were obtained through regular care and were graded
by an experienced orthopedic surgeon (KD) using the Kellgren and Lawrence classification
system3, Anthropometric measurements, including height,body mass,and BMIwere obtained
pre-operatively, which was 1.8 months (IQR = 1.5) before TKA. Both for individuals scheduled
for TKA and healthy controls, pain scores during activity and rest over the last week were
obtained using a numeric rating scale (NRS), with a range 0-10 with higher scores indicating
higher pain ratings. For individuals scheduled for TKA, the Knee injury and Osteoarthritis
Outcome Score — Physical Function shortform (KOOS-PS)3* and Knee Society Score (KSS)3
were also obtained. KOOS-PS scores were transformed to a 0-100 scale with a score of 100
representing no difficulty. For the KSS, only the clinical and functional score were obtained
(both on a 0-100 scale) with 100 representing best function.

Real-world gait and turning assessment

Participants wore three IMUs, two of which were embedded in instrumented socks (prototype
developed by APDM Wearable Technologies, Portland, OR, USA; similar as in*) (Figure 1)
and one was placed on the lower back at the sacrolumbar level (Opal v2, APDM Wearable
Technologies, Portland, OR, USA). The IMUs in the socks were placed on the dorsum of both
feet. Participants started wearing the sensors the day after the clinical assessments were
performed. Participants wore the sensors during daytime for a total period of 5-7 days, always
including at least one weekend day. Participants were instructed to start wearing the sensors
in the morning, when they started performing their daily activities. Battery life of the sensors
was approximately 10-12 hours. Sensor batteries were charged overnight. All data was stored
on alocal memorydrive (8 GB) embedded in the sensors. When data collection was completed,
sensors were returned via a postal office after which data was transferred to a desktop
computer for offline processing.

Gait performance in individuals scheduled for TKA
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Figure 1: Overview of the IMUs embedded in socks. The sensor system consisted of a large casing
(positioned above the lateral malleolus) containing the battery and memory drive, which was connected
to the IMU on the dorsum of the foot via a small cable (left panel).

Sensor data were processed using algorithms described in Shah et al.®. Using a time domain
approach, alternating periods of movement and stillness — corresponding to stance and swing
—were identified from accelerometer and gyroscope signals from the feet to detect potential
gait bouts. Individual strides were combined into the same gait bouts as long as the duration
between strides was less than 2.5 seconds. Subsequently, all gait bouts containing more
than 3 strides were processed via the Mobility Lab algorithm (APDM Wearable Technologies,
Portland, OR) to compute spatiotemporal gait parameters for each stride per gait bout3+. This
algorithm has shown good concurrent validity and acceptable absolute errors compared to
a gold standard pressure mat system3+. In older adults, absolute errors were -0.11 m/s for gait
speed (ICC =0.934) and 0.015s for stride time (ICC = 0.998). Turns during walking were identified
from the gait bouts based on the gyroscope data of the sensor on the lower back, using
algorithms described in%. This algorithm looks for periods where the angular velocity around
the vertical axis exceeds 15°/ s. The start and end of the turn are defined by the point where
the angularvelocity around the vertical axis drops below 5°/s. Turns with an angle larger than
45° and a duration between 0.5 and 10 seconds were labeled as valid turns. Compared to an
optical motion capture system, this algorithm had a sensitivity of 0.90 and specificity of 0.75%.

For each individual, a normalized frequency distribution of gait speed of all included strides
was constructed. From this distribution, the following parameters were determined: real-
world gait speed defined as the dominant peak of the distribution, maximum real-world gait
speed defined as the 95" percentile of frequency distribution, and the interquartile range (IQR)
of the distribution. Based on previous studies reporting a bimodal distribution for real-world
gait speed®3, we opted for the value at the dominant peak to approximate real-world gait
speed. Stride time was calculated as the median of the stride times of all collected strides per
participant, as this parameterdid not follow a bimodal distribution. Step time asymmetry was
defined as the difference in step time between the affected leg and the unaffected leg, divided
by the mean value, multiplied by 100%. Parameters reflecting walking activity included the
maximum gait bout length of all included gait bouts over all days, the average number of gait
bouts per monitored hour, and number of strides per monitored hour. In order to study the
effect of gaitboutlength on gait speed, we first evaluated availability of gait data for bouts ofa
specific length. This analysis was used to define 6 bins (i.e. 0-10, 11-20, 21-40, 41-80, 81-160, and
160+ strides). For each bin, the average gait speed of all gait bouts was taken.
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For all identified turns per participant, the maximum turning velocity was derived from
the transversal angular velocity signal of the IMU on the lower back. For each participant, a
frequency distribution of this parameter was constructed. The median of this distribution
was chosen to characterize turning velocity. In addition, the number of turns per monitored
hour was compared between groups. Turning velocity was analyzed separately for turns over
affected and unaffected leg for individuals scheduled for TKA, whereas for healthy controls
the median over all turns was used. To better evaluate if group differences in turning velocity
might have been due to differences in the size of the turning angle®, an exploratory analysis
was performed by categorizing turns based on turning angles < 9o degrees, 90-180 degrees, or
>180 degrees. Post-processing of gait and turning parameters was performed in Python 3.8.3.

Gait and turning parameters were compared between groups using a linear regression model
with the specific gait or turning parameter as dependent variable, group as the between-
group factor, and age, sex, and height as covariates. In case model assumptions (i.e. normal
distribution of the residuals) were violated, data was log-transformed. Estimates were back
transformed by taking the exponent of the estimate. If model assumptions were still not met,
groups were compared using the Mann-Whitney U test. Furthermore, to study the effect of
gaitboutlength on gait speed, an independent samples t-test was conducted foreach bin that
contained at least data from 70% of all participants. When parametric testing was possible,
between-group differences were reported as mean differences (i.e. individuals scheduled for
TKA - healthy participants) with 95% confidence intervals. Statistical analyses were conducted
in RStudio using the stats package (version 4.1.2).

Results

Participant characteristics are provided in Table 1. Individuals scheduled for TKA had on
average higher body mass and BMI, and experienced more pain during rest and activity
compared to healthy controls. Monitored time was similar between the two groups and
corresponded to approximately 10-12 hours/day of monitoring per participant. Data of one
healthy control could not be analyzed due to an errorin one of the sock sensors. Furthermore,
for one participant scheduled for TKA turning data was lacking due to a lumbar sensorerror.

Gait performance in individuals scheduled for TKA

Table 1: Baseline characteristics of both study groups.

Parameter Individuals scheduled Healthy controls Mean difference [95 % CI]
for TKA (n=34) (n=31)
Age (y) 65 (9) 65 (10) 0[-4;5]
Sex (M:F) 13:21 12:19 -
Height (m) 1.73 (0.11) 1.75 (0.07) -0.02 [-0.06; 0.03]
Mass (kg) 86 (15) 75 (11) 11 [4; 17]
BMI (kg/m?) 28.5 (3.4) 24.5 (3.1) 4.0 [2.4; 5.6]
KL grade (I:1I:111:1V) 0:0:10:24 - -
KOOS-PS (0-100) 55 (12)
KSS - clinical score (0-100) 65 (8)
KSS - functional score (0-100) 65 (14) - -
NRS pain rest (0-10) 4.1 (2.5) 0.5 (1.0) 3.6 [2.7; 4.6]
NRS pain activity (0-10) 6.2 (2.0) 0.7 (1.0) 5.5 [4.7; 6.3]
Monitored time (h) 60 (17) 58 (17) 2 [-7; 10]

Note: Data are provided as mean (SD). BMI = body mass index, KL = Kellgren Lawrence, KOOS-PS = Knee Osteoarthritis
Outcome Score — Physical Function Shortform, KSS = knee society score, NRS = numeric rating scale. For KOOS-PS and KSS
scores, higher scores indicate better function. For the NRS, higher ratings indicate more pain.

Distributions of real-world gait speed are provided on an individual level in Figure 2. In most
individuals, the data distribution was left-skewed, with a wide range of gait speeds for each
participant. The value at the dominant peak was 0.21 m/s (p<0.001) lower in individuals
scheduled for TKA compared to healthy controls. Similarly, values at the 9s5th percentile were
0.17 m/s (95% Cl: 0.09; 0.25, p<0.001) lower in individuals scheduled for TKA. No difference
between the two groups was observed in the IQR of the distribution (Table 2). Furthermore,
individuals scheduled for TKA walked with a higher stride time (median diff = 0.05 s, p = 0.003)
than healthy controls (Figure 3D). Step duration asymmetry was not different between the
two groups (mean diff = 0.6 %, 95% Cl: -0.9; 2.0, p = 0.426; Figure 3E).

With respect to parameters related to walking activity, maximum gait bout length was lower
inindividuals scheduled for TKA (median diff = -316 strides, p = 0.005; Figure 3F). Although there
was no difference in the number of gait bouts per hour (mean diff = -0 bouts/hour, 95% Cl = -1;
1, p = 0.904; Figure 3G), the number of strides per hour was lower in individuals scheduled for
TKA compared to healthy controls (median diff = -72 strides, p < 0.001; Figure 3H).

For turning velocity, individual data distributions are shown in Figure 2. Velocity was not
different between turning over the affected vs. the unaffected leg in individuals scheduled for
TKA (mean diff=1.4 deg/s; 95% Cl = -0.0; 2.7, p=0.053; Figure 4A). Compared to healthy controls,
turning velocity for turns over the affected (mean diff =-6.2 deg/s, 95% Cl = -11.7; -0.8, p=0.026)
as well as for turns over the unaffected leg (mean diff = -7.6 deg/s; 95 Cl: -13.0; -2.2, p=0.007)
was lower than in healthy participants. Further exploration of this data revealed that turning
velocity increased with larger turning angles. The direction of the group differences was
similar for different angle sizes (Figure 4C-E). The number of turns per hour was not different
between individuals scheduled for TKA and healthy controls (mean diff = -1.8 turns; 95% Cl:
-7.2;3.7, p = 0.520; Figure 4B).
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Figure 2: Ridgeplots showing all individual distributions of real-world gait speed (left panel) and
maximum turning velocity (right panel) for individuals scheduled for TKA (red) and for healthy controls
(green). For individuals scheduled for TKA both turns over the affected and unaffected leg were included.

Data are ordered from low to high based on the value at the dominant peak of real-world gait speed or the

median of maximum turning velocity (exact values are indicated on the y-axis).
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To determine the effect of gait bout length on gait speed, we first evaluated the presence of
gait bouts of different lengths in both groups. Definition of the final bin was based on a cut-
off value of 70% data availability for each of the groups. At a final bin size of 160+ strides, 71%
of individuals scheduled for TKA and 83% of healthy individuals had data available (Figure 5).
From Figure 5, it can also be observed that the group scheduled for TKA had smaller maximum
bout lengths than the healthy control group.

Analysis of gait speed depending on bout length revealed that for both individuals scheduled
for TKA and healthy participants, gait speed was higher for longer bout lengths (Figure 5).
More specifically, in individuals scheduled for TKA gait speed increased from 0.86 + 0.12 m/s
for bouts between 0-10 strides, to 1.18 + 0.13 m/s for bouts longer than 160 strides. In healthy
controls, gait speed changed from 0.96 + 0.16 m/s for bouts between 0-10 strides to 1.33 * 0.15
m/s for bouts longer than 160 strides. Mean differences between groups were -0.10 m/s for the
shortest gait bouts and -0.15 m/s for the longest gait bouts (Figure 5).
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Figure 5: Left panel: availability of gait bouts of a specific bout length in both groups. The dashed line at
a bout length of 160 strides indicates our maximum bin size, with 83% availability in healthy participants
and 71% in individuals scheduled for TKA. Right panel: effect of bout length on gait speed. In the top panel
mean and standard deviations are displayed for each bin size for both groups. In addition, data availability
foreach groupisindicated as the percentage of individuals for whom data are available in each bin. Mean
differences with 95% confidence intervals are provided in the bottom panel.
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Discussion

In this study, we provide a detailed account of real-world gait and turning performance in
individuals scheduled for TKA. Consistent with our hypothesis, real-world gait and turning
performance of individuals scheduled for TKA was markedly poorer than healthy controls,
evidenced by a lower gait speed, a lower turning velocity, a lower maximum gait bout length,
andlessstrides perhour.Inaddition,the group differencein real-world gaitspeed was-0.10 m/s
for shortest gait bouts and -0.15 m/s for the longest gait bouts. Notably, individuals scheduled
for TKA did not walk with higher step time asymmetry compared to healthy participants.

Individuals scheduled for TKA had on average a 0.21 m/s lower dominant walking speed than
theirhealthy peers.Similardifferences have been reported forgaitspeedin supervised settings
(i.e. gait capacity)*>. Not only the value at the peak of the distribution (i.e. the most frequently
observed gait speed per individual), was lower in individuals scheduled for TKA, but also the
95t percentile of the distribution (resembling gait capacity**¥) was lower. In combination with
our finding that the IQR was not different between groups, these results indicate that in the
group of individuals scheduled for TKA the whole distribution of individual gait speeds was
shifted towards lower values. With the median group difference in stride time being 0.05s,
this difference in gait speed can be explained as a combined effect of longer stride times and
shorterstride lengths.

Continuous monitoring of walking enabled a profound analysis of the potential factors
underlying differences in gait speed between individuals scheduled for TKA and their healthy
peers. A major advantage of this data capture mode is the possibility to evaluate the effect of
gait bout length on the derived gait speed. In line with previous studies®23°, we found that
in both groups gait speed scaled with bout length. The between-group difference became
somewhat larger with increasing bout length, although the magnitude of this effect was
relatively small (i.e. from -0.10 m/s in the shortest gait bouts to -0.15 m/s in the longest gait
bouts) and was lower than the overall group difference in gait speed. However, it is important
to note that longer, uninterrupted gait bouts were scarce in individuals scheduled for TKA.
Together, these results may indicate that the overall mean group difference in gait speed
can partly be explained by the finding that individuals with advanced knee OA walk shorter
distances per gait bout. This latter finding is consistent with low activity levels observed in
knee OA groups3®, and with the lower number of steps taken as observed in the current as well
asin other studies*s.

In line with a previous meta-analysis of studies measuring gait capacity? there was no
group difference in step time asymmetry. Although asymmetries in knee joint loading* and
kinematics* have been reported in individuals with unilateral knee OA, this does not seem to
be reflected in temporal asymmetries, particularly given that mean asymmetry was close to
zero (i.e. perfect symmetry) in the current study. This finding is also consistent with our data
collected during a 2-minute walk test*.

In addition to real-world gait parameters, turning velocity was lower in individuals scheduled
for TKA than in healthy controls, irrespective of the size and direction of the turn. Individuals
scheduled for TKA may thus exploit a generally more cautious turning strategy. In a previous
study, we also found slower turning in individuals scheduled for TKA for 180 degree turns

Gait performance in individuals scheduled for TKA

during a 2-minute walking trial*2. Importantly, lower real-world turning velocity has been
associated with a higher fall risk®*4, adding relevance to these findings. The absence of a
difference between turningin the direction of the affected vs. the unaffected leg in individuals
scheduled for TKA may not be surprising, given that compensation is possible as both legs
are involved in making the turn, which typically consist of 2-4 steps according to real-world
data®=.

Our findings hold important clinical relevance. For individuals with knee OA, walking activity
isimportantto protectagainst further disease progression®°. Moreover, individuals scheduled
for TKA list improving walking ability as a main treatment goal*#4. Our data clearly indicate
walking limitations for the average individual scheduled for TKA. In fact, most individuals
scheduled for TKA did not show uninterrupted gait bouts lasting longer than 10 minutes,
which may be a limiting factor for recreational walking or purposeful trips to, for example,
a shopping center. On the other hand, a large proportion of individuals scheduled for TKA
walked at relatively high speed (i.e. » 1.25 m/s3), and were well able to scale up gait speed with
increasing bout length. In this group, the room forimprovementis limited, which is important
information when discussing expectations regarding knee arthroplasty.

This study has a number of limitations that merit attention. First, as of yet, no consensus or
standard exists on how to process real-world gait data collected with IMUs. Choices made in
the sensor configuration and processing algorithms—including sensor location (i.e. lower back
vs. feet), definitions of gait bout start and stops, and degrees of freedom in heading direction —
may have had a substantial impact on the derived gait and turning performance parameters.
Although such influences on the between-group comparisons in our study are likely small,
they limit comparison of results with other studies that used different sensor configurations
and/or algorithms®3202%-%_Secondly, battery life of the sensors was limited to 10-12 hours. Thus,
we did not capture gait and turning data for the full day. However, total monitored time was
similar between groups, and quantitative parameters were normalized to the number of
hours. Nevertheless, this limits interpretation of our results in terms of physical activity, for
example when comparing our data to guidelines for the recommended number of steps per
day®. Finally, our sample included individuals with unilateral knee OA without previous joint
replacement surgery in any other joint. This resulted in a selected group, not representative
for all individuals scheduled for TKA, who may have a relatively high walking performance.
Nonetheless, compared to the Dutch population undergoing TKA, our group only had a slightly
lower age (i.e. 4 years), while BMI and male/female ratio were relatively similars.

Conclusion

Real-world monitoring of gait and turning using IMUs revealed that individuals scheduled
for TKA had lower walking activity and lower real-world gait and turning speed compared
to healthy peers of similar age. Parameters derived from IMUs provided a rich profile of real-
world mobility measures that were indicative of walking and turning limitations, which may
provide a relevant dimension for future studies.
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Summary and general discussion

Summary

The overarching aim of this thesis was to comprehensively evaluate walking, including gait
capacity and gait performance, in individuals with lower-extremity OA, from the perspective
that this knowledge can contribute to the establishment of objective indicators of physical
functioning relevant for clinical evaluation of individuals with lower-extremity OA.

Chapter2detailed a cross-sectional study, inwhich fourindependent domains of gait capacity
measures were identified from a large set of correlated parameters: speed-spatial, speed-
temporal, dual-task cost, and upper body motion. The first two domains were dependent on
gait speed and provided multiple parameters that were sensitive to the presence of knee or
hip OA, including cadence and stride length. Dual-task cost, however, was not sensitive to
knee or hip OA, which indicated that gait of people with lower-extremity OA did not require
disproportionate amounts of attention. Individuals with hip OA, but not those with knee OA,
walked with larger lumbar range of motion in the sagittal plane than healthy controls.

In chapter 3 the scope of studies that used IMUs to quantify limitations in gait capacity
and gait performance in individuals with knee OA was further examined. In a systematic
review, | showed that most studies focused on spatiotemporal parameters, while parameters
related to knee and trunk kinematics were also commonly reported. Despite the advantage
of IMUs to enable measurement of gait outside controlled laboratory settings, there was a
clear gap towards remote monitoring of gait performance. A meta-analysis confirmed that
spatiotemporal parameters had good discriminatory capacity, similarto the results of chapter
2. In addition, kinematics of the knee and trunk also showed relatively large effect sizes, and
may thus hold value for the evaluation of gait capacity in individuals with knee OA.

The recovery of gait capacity and self-reported pain and physical functioning after TKA
or THA was investigated in chapter 4. In both patient groups, gait parameters gradually
improved towards the level of healthy individuals 15 months after TKA and THA. These
recovery trajectories were markedly different from self-reported scores, which showed
large improvements within the first two months. This suggests that gait parameters carry
important information about gait recovery that is not captured by patient-reported outcome
measures (PROMs).

In chapter 5, | focused on a different part of gait capacity: dynamic balance. In this chapter,
I compared balance recovery responses after mediolateral and anteroposterior gait
perturbations between individuals with knee OA and healthy participants. Despite having
pain and structural impairments in and around the knee, individuals with knee OA showed
no clear differences in balance recovery compared to their healthy peers. Two potential
explanations for this finding can be postulated: 1) individuals with knee OA may exploit the
redundancy in the sensorimotor control system to achieve similar stepping characteristics,
or 2) the perturbation paradigm used in this study was insufficiently challenging to reveal
possible differences in dynamic balance control.

In chapter 6, | switched focus from gait capacity to gait performance in the real-world. Using
continuous monitoring, gait and turning performance were compared between individuals
scheduled for TKAand healthy individuals. Real-world mobility parameters derived from IMUs
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were indicative of walking limitations. That is, individuals scheduled for TKA had a slower
gait and turning speed, exhibited shorter gait bouts, and a lower number of strides per hour
than healthy individuals. Given that real-world gait more closely relates to participation, and
may be different from gait capacity, parameters of real-world gait performance may contain
valuable information about physical functioning of individuals scheduled for TKA.

General Discussion

According to the framework proposed by Maetzler et al. (see Figure 2 in Introduction),
comprehensive assessment of walking requires evaluation of gait capacity, gait performance,
and someone’s own perception of walking. In this thesis, | attempted to gain insights into
which of these domains (and which associated outcomes) carry valuable information about
walking of individuals with lower-extremity OA, relevant to patients, medical specialists, and/
or researchers. This General Discussion will be centered around this theme. | will start the
discussion by reviewing the gait capacity and gait performance measures used throughout
this thesis in light of some key measurement properties (i.e. discriminatory ability, specificity,
and responsiveness). | will follow-up with a discussion on the relationship between the
domains gait capacity, gait performance, and perception, and how thisimpacts the evaluation
of walking in individuals with lower-extremity OA. Moreover, | will reflect on the results of
this thesis with respect to the methodological issues associated with evaluation of walking,
particularly when using IMUs. Finally, | will discuss the clinical implications of the work
presented in this thesis and provide some directions for future research.

Foran outcome measure to be of value for the evaluation of walking, a minimal requirementis
that the measure can discriminate pathological gait (here ofindividuals with lower-extremity
OA) from unimpaired gait. Chapters 2 and 3 focused on evaluating the discriminatory ability
of gait capacity measures derived from IMUs. Generally, spatiotemporal parameters were
found to have very good discriminatory ability. The most commonly used spatiotemporal
parameter, gait speed, has previously been designated as the ‘sixth vital sign’, given that it is
a general marker of physical health For example, gait speed has been reported as predictor
of mortality?, risk of future hospitalization#, and fall-risk*. Due to its measurement properties,
gait speed can be applied as a general biomarker for mobility in many different populationss,
including individuals with lower-extremity OA.

In addition to spatiotemporal measures obtained during straight-ahead walking, dynamic
balance and gait adaptability may be relevant components of gait capacity®. Both components
are crucial for maintaining gait stability in daily life, particularly when walking in challenging
environments. With epidemiological studies showing that individuals with lower-extremity
OA are 25-54% more likely to experience a fall compared to those without OA”%, evaluation
of these two domains seems of particular interest. For individuals with lower-extremity OA,
it can be hypothesized that local impairments in the knee or hip, including joint pain, reduced
muscle strength, poor proprioception, and joint instability*?, translate into a poorer ability to
withstand balance perturbations. However, the results of chapter 5 showed that measures
of dynamic balance did not discriminate balance recovery responses of individuals with knee
OA from those of healthy individuals. We are, thus, left with the question if knee OA leads to

Summary and general discussion

an impaired gait stability. That is, we are unable to fully disentangle whether the absence of
evidentbalance problemsin chapterswas due to 1) unaffected gait stability, or 2) the ability to
compensate for local problems within the sensorimotor control system, or 3) an insufficiently
challenging experimental paradigm that did not reveal possible differences in gait stability.
Considering the comparable fall rates between groups in chapter 5, it seems likely that OA
does not necessarily lead to poor gait stability. Rather, presence of knee OA may interact
with other risk factors for falls, such as physical inactivity, slow gait speed (i.e. <0.7 m/s4), and
muscle weakness. This seems to be a plausible explanation, given that the individuals with
knee OA in this study still showed a relatively good physical function, indicated by a relatively
high gait speed (on average 1.15 m/s in chapter 6).

The evaluation of gait adaptability was considered to be beyond the scope of this thesis.
Nonetheless, this does not rule it that gait adaptability could be a relevant component of gait
capacity with good discriminatory ability. In light of the scarcity of studies examining gait
adaptability in individuals with lower-extremity OA (i.e. only one pilot study investigated gait
adaptability in individuals with knee OA®), this question is still open for future research.

For a more extensive assessment of gait capacity, we also investigated gait during a dual-
task paradigm and during turning in chapter 2. Dual-task paradigms provide a way to make
inferences about the attentional resources allocated to walking, via the calculation of dual-
task costs. Furthermore, dual-tasking is a relevant aspect of our daily life behavior (i.e. people
commonly walk while talking, carrying bags, or while scanning the environment or traffic).
While it can be expected that pain results in increased attention being paid to someone’s gait
(i.e. people may walk more carefully to avoid pain), dual-task costs were not different from
healthy controls in individuals with lower-extremity OA. This result may imply that the extra
attentional resources needed for walking with pain do not exceed the maximum attentional
capacity of individuals with lower-extremity OA, who are otherwise unaffected in their
movement control. Hence, based on our study results, evaluation of dual-task gait does not
seem relevant for individuals with lower-extremity OA.

Turning steps are highly prevalent in daily life walking®. This was confirmed by the results of
chapter 6 showing that healthy participants, on average, made 27 turns per hour. In addition,
turning involves rotational forces at the knee and hip joint that may lead to more discomfort
than during straight-ahead gait. Results of chapter 2 indicated that turning capacity showed
large effect sizes for the comparison between individuals with knee or hip OA and healthy
participants. Together with the factthatindividuals scheduled for TKAlist turning asarelevant
functional activity, evaluation of turning capacity may thus be of interest, although its
additional value over gait speed was not immediately clear from results of the factor analysis.
Furthermore, more detailed assessment of knee or hip kinematics and kinetics during turning
could provide additional insights into why individuals with knee or hip OA turn slower.

With respectto gait performance (chapter6),various parameters showed good discriminatory
ability with potential value for the evaluation of individuals with knee OA — and potentially
also hip OA. In line with results on gait capacity (chapters 2 and 3), spatiotemporal measures
showed large effects when comparing individuals with knee OA with their healthy peers. In
the evaluation of gait performance, advantage can be taken of the wealth of strides collected
during multiple day, continuous monitoring. A more detailed assessment can be done using
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the frequency distribution of gait speed rather than collapsing all the data into a mean value.
This approach could also enable individual pre-post comparisons to statistically test changes
in gait performance after an intervention.

Aside from parameters related to the ‘quality’ of gait, walking activity isan important aspect of
gait performance. Engaging in physical activity, including walking, isimportant forindividuals
with lower-extremity OA. Furthermore, higher levels of physical activity can counteract
functional decline*° and are beneficial to overall health status. Although the experimental
set-up in chapter 6 was not focused on capturing physical (in)activity (i.e. we did not monitor
our participants the entire day), our data on walking activity aligned with previous studies
showing that individuals with lower-extremity OA were less active than those without OA*
3, That is, individuals with knee OA took less strides per hour than their healthy peers, and
their maximum gait bout length was lower. Maximum gait bout length approaches someone’s
maximum walking distance, which is commonly asked for by orthopedic surgeons to indicate
limitations in daily life activities. However, it is important to note that maximum bout
length is heavily dependent on cut-off values used to separate gait bouts in the processing
algorithm. Given the fact that improving mobility, including walking distance, isan important
treatment goal of individuals scheduled for TKA and THA?+%, these parameters might be used
as indicators for joint replacement surgery and to evaluate treatment success. Availability of
data on walking activity may further help to counsel patients with respect to their physical
activity level.

A drawback of spatiotemporal gait capacity and gait performance parameters is that they
are general, non-specific markers of functional limitation. Similar differences in gait capacity
compared to healthy individuals were observed in other (e.g. neurological) populations with
mobility limitations*29, The same holdsfor previously described gait performance parameters,
including maximum gait bout length and walking activity. Lower-extremity and trunk
kinematics, on the other hand, revealed gait deviations and compensations (i.e. lateral trunk
lean3, circumduction, stiff knee gait®) that may be more specific to individuals with knee or
hip OA323, In line with these results, in chapter 2, we found that parameters from the upper-
body domain in individuals with hip OA were different from healthy controls, but this was
not the case for individuals with knee OA. Overall, compared to spatiotemporal parameters,
kinematic parameters may be better suited to pinpoint disease-specific gait deviations and
compensations that individuals with knee or hip OA may employ during walking. Availability
of these data could therefore lead to a more specific gait characterization.

Anotherindicator of good measurement properties is responsiveness, i.e. the ability to detect
change after an intervention. Chapter 4 indicated that measures of gait capacity were well
able to detect changes after TKA and THA. In fact, we found that gait capacity recovered to
the level of healthy peers 15 months after TKA and THA. Importantly, the literature shows
that a significant proportion (i.e. 7-20%3+3) of individuals after THA and TKA is dissatisfied
with treatment outcome due to insufficient pain relief and/or poor functional recovery.
While, on average, we found good recovery on gait capacity and PROMs in chapter 4, some
individuals showed poor recovery on gait capacity after TKA and THA. That is, 15 months after
surgery, 5 out of 18 individuals after THA and 3 out of 21 individuals after TKA did not reach an
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improvement in gait speed larger than 0.10 m/s, which is considered the minimal clinically
important difference¥. Whether gait performance and dynamic balance measures provide
similar results remains to be elucidated from the 1-year follow-up data of the participants
scheduled for TKAin chapters 5 and 6.

Assessment of gait performance seems to be important for individuals with lower-extremity
OA, as it includes the daily life settings that are relevant to an individual’s walking behavior.
For example, in chapter 6 we observed relatively wide ranges of real-world gait speed within
anindividual, which may be reflective of the variety of environments that a person encounters
during daily life. This large variety of environments when measuring gait performance is in
strong contrast with the controlled and consistent settings used to measure gait capacity such
as in chapters 2, 4, and 5. Consequently, these differences in contextual and environmental
factors between gait capacity and gait performance assessment may contribute to different
results between these two domains.

A drawback of measuring gait performance is that we are unaware of the actual context of
walking due to the unsupervised nature of this data capture mode. That is, from IMU data
it is unknown in which environment someone has been walking, what the terrain was, and
what the purpose of the walk was (e.g. to catch up with a friend, to walk your dog, to stroll in
the shopping district, etc.). All these factors impact the observed walking behavior, but cannot
be distilled from the data. The only information of context in this type of data collection is
the length of the walking period (i.e. ‘gait bout length’). The importance of gait bout length
in the evaluation of gait performance is confirmed by our results in chapter 6. Irrespective of
whether people had OA, we found a faster gait speed in longer gait bouts compared to short
gait bouts, in line with previous literature®#. Furthermore, the observed between-group
differences in gait speed for bouts of equal length (i.e. -0.10 to -0.15 m/s) were consistently
smaller than the overall between-group difference (i.e. -0.21 m/s) in gait speed. The fact that
individuals with knee OA walked shorter gait bouts —when gait speed is lower—therefore also
contributed to the overall mean group difference in real-world walking speed in chapter 6.

When comparing the results on gait capacity in chapters 2 and 3 with the results on gait
performance in chapter 6, we show that the average comfortable walking speed during
evaluation of gait capacity was lower than the dominant real-world walking speed (i.e.
performance). More specifically, average walking speed was 0.99 m/s (knee OA) and 1.25 m/s
(healthy controls) for gait capacity, compared to 1.15 m/s (knee OA) and 1.36 m/s (healthy
controls) for gait performance, respectively. Although the difference in gait speed between
these chapters may be explained by differences in sensor hardware and participant
characteristics, it could also imply that results on gait capacity do not necessarily have to
align with those of gait performance. The observation of a weak correlation between gait
speed derived from these two domains (r=0.33) also points in this direction?. Considering that
gait speed obtained from the 2-minute walking test over 6 meter (i.e. capacity in chapters 2
and 3) was most comparable to gait speed during gait bouts of approximately 41-80 strides
(i.e. performance in chapter 6), the observed differences between gait capacity and gait
performance assessments might be attributed to gait bout length. In daily life, people may
walk longer uninterrupted gait bouts (i.e. over longer distances) —when gait speed is higher —
compared to assessment in the clinic, leading to a relatively higher walking speed.
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The variety in contextual factors between evaluation of gait capacity and gait performance
can also contribute to differences in effect sizes for the comparison between individuals
with knee OA and healthy controls. That is, mean differences for the comparison between
individuals scheduled for TKA and healthy controls tended to be smaller for evaluation of
gait performance (chapter 6) compared to the evaluation of gait capacity (chapters 2 and 3).
This was even more evident for turning, where we found a much larger effect size for turning
capacity (SMD =1.2) compared to performance (SMD = 0.7) for turns of the same turning angle.
Presence of different contextual factors (i.e. different types of terrains, distractions, other
people, obstacles, etc.) inherent in gait performance assessment may lead to a larger variety
in the observed walking behavior, both within and among individuals. This may subsequently
lead to a relatively lower effect size compared to assessment of gait capacity, where these
factors are absent or standardized.

Altogether, this discussion raises the question as to which domain provides the best
characterization of walking in individuals with lower-extremity OA. The answer to this
question is likely dependent on the purpose of the assessment. Where evaluation of gait
capacity results in a highly controlled evaluation with presumably larger effect sizes,
evaluation of gait performance may be more relevant to an individual, with the additional
benefit that it provides insight into walking activity. From a patient and clinical perspective,
evaluation of gait performance may be more relevant, as functional limitations occur in the
specific context of a patient’s daily life. For scientific research purposes, however, it may
be desirable to have good discriminatory ability and optimal statistical power, requiring
a controlled environment with specific instructions, i.e. the evaluation of gait capacity. The
decision to evaluate either gait capacity or gait performance may be further shaped by
considerations with respect to feasibility. For example, assessment of gait capacity requires
people to visit the laboratory or clinic, which cannot always be achieved. On the other hand,
with gait performance assessment, data is typically remotely captured for multiple days,
requiring logistics for sending and receiving the sensor systems. Many more factors, including
the available financial resources, may eventually need to be factored into the equation.

In current clinical practice, assessment of walking and physical functioning of individuals
with lower-extremity OA primarily occurs through the patient’s own perception. In addition,
PROMs are routinely obtained in Dutch hospitals for large registry datasets (i.e. Dutch
Arthroplasty Registry (LROI)) to evaluate physical functioning after TKA and THA. A major
concern with self-reports, however, is that they capture a different domain of physical
functioning than objective capacity or performance measures®44, and may be more strongly
related to pain than to someone’s capacity or performance*. In line with these observations,
we found in chapter 4 that recovery on self-reported scores of pain and physical functioning
were similarto each other, but markedly different from those of gait capacity measures. Given
that TKAand THA resultin a faster relief of pain compared to recovery of physical functioning,
the disparity between these two domains is particularly evident in the early post-operative
period (i.e. until 3 months)#. Sailing on a patient’s perception of physical functioning alone
would thus be insufficient to capture the influence of lower-extremity OA on someone’s health
status. This not only holds for clinical decision making, but is also relevant for the orthopedic
research community using PROMs as a proxy for physical functioning. Additional evaluation of
someone’s physical capacity or performance, such as recommended by the OARSI guidelines?,
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is thus supported by the results of this thesis. Given that the execution of functional tests
or the evaluation walking requires an additional time investment, studies evaluating the
additional value of having objective indicators of physical capacity or performance available
arerequired.

The main tools to capture gait capacity and gait performance in this thesis were IMUs. While
IMUs enable quick and unobtrusive use within clinical settings as well as in the real-world,
there are some methodological considerations that warrant attention. Two main points will
be discussed below, being 1) the accuracy of IMUs and related algorithms to measure gait
capacity and gait performance, and 2) the additional value of IMUs over other (more simple)
tools to evaluate gait.

First, the value of gait capacity and gait performance parameters derived from IMUs is
inherently linked to the accuracy of the measurement, including the assumptions coded in
the algorithms. Plenty of studies have been conducted to evaluate the validity and reliability
of algorithms for gait capacity measures based on IMU data, with numerous algorithms that
have been validated against optical motion capture systems or pressure mats+, According
to arecent systematic review and meta-analysis®? performance of these algorithms is good to
excellent for temporal aspects of gait, while errors for spatial parameters are generally larger.
Importantly, the accuracy of gait parameters depends on sensor location, with sensors on
the feet and related algorithms yielding the most accurate results#. For reference, the mean
errors of the algorithm used in chapters 2, 4, and 6 in this thesis were 0.01 s for stride time,
-0.10 m for stride length, and -0.10 m/s for gait speed+. These errors tended to be larger at
higher walking speeds*®. Pre-operative differences in spatiotemporal parameters between
individuals scheduled for TKA and healthy controls (chapters 2, 3, and 6) in this thesis, as well
as changes after TKA and THA (chapter 4), exceeded these measurement errors. Nonetheless,
it is important to keep these errors in mind as they determine the landscape with respect to
the usefulness of these parameters. For data processing with IMUs, it is important to realize
that: 1) sensors are affected by noise and bias, 2) gait events need to be accurately identified,
3) (double) integration of angular velocity or acceleration signals is often required, which may
result spatial errors, and 4) the orientation of each sensor needs to be obtained by sensor
fusions. How all these issues are handled is directly related to the accuracy of each individual
algorithm. Unfortunately, in the literature, open source algorithms are the exception rather
than the rule, as we observed in our systematic review in chapter 3. This hampers technical
progression of the field, causing each research group to reinvent the wheel. In addition, it
leads to opacity and makes judgement of the underlying assumptions of an algorithm hard.
This also holds for the commercial algorithm that we used in chapters 2, 4, and 6. Recently, a
number of studies have set a good example by making their algorithms publicly availables+5,
and hopefully more will follow in the future.

In contrast to the literature on reliability and validity of gait capacity measures, there is a
paucity of literature on how gait performance data is analyzed, what the validity of these
algorithms is, and how reliable these assessments are. Analysis of gait performance from
multiple day recordings comprises the additional challenge of correctly identifying and
defining walking bouts. A recent study on this topic found that three promising algorithms
in the literature had a sensitivity between 0.60 — 0.92 and a specificity of 0.95 — 0.99 for the
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detection of walking bouts®. Importantly, these algorithms were only evaluated during
walking activities. As such, these results cannot directly be translated to real-world data
collection, where activities other than walking are ubiquitous. More work is needed to ensure
good reliability and validity of real-world gait measurements. Importantly, best practices
for the detection and definition of gait bouts need to be established to increase consistency
among studies (i.e. how to handle pauses between gait bouts, what the minimum number of
strides is for a gait bout, how to handle turns during walking, etc.).

The second main methodological consideration is that other tools may be superior than
IMUs to evaluate walking, depending on the purpose of the assessment. Traditionally,
motion capture systems have been used to provide a detailed account of gait capacity. Such
assessments can provide insights about the mechanical factors involved in the disease
processes of lower-extremity OA, which cannot yet be accurately obtained with IMUs. For
a detailed evaluation of gait biomechanics, including kinematics and kinetics, use of three-
dimensional motion capture is still the best option. However, gait assessment with motion
capture systems is restricted to a laboratory environment, and recurrent (clinical) evaluation
is often not feasible due to its labor intensive nature and relatively long set-up times. In these
cases, IMUs can be prioritized. Given their ease of use, IMUs are better suited for large-scale
assessments of gait capacity, with the downside that they not do provide the same level
of detail as three-dimensional motion capture systems. Alternatively, pressure mats can
offer the same ease of use as IMUs, but their outcomes are limited to spatiotemporal gait
parameters and measurement volume is restricted to the size of the mat. Other more simple
tools to evaluate walking would be to use a stopwatch during standardized mobility test,
such as the 2-Minute Walk Test, Timed-Up-and-Go test, and the stair climbing test. While
simple temporal measures could easily be obtained at every location with stopwatches, more
detailed parameters (i.e. lower and upper-extremity kinematics) cannot be derived. Given that
gait speed consistently showed the largest effect size in our studies, the use of a stopwatch
could be an effective way to obtain insights into walking and physical functioning when time
and resources are limited.

An advantage of wearables is that they enable capture of gait performance over longer
periods of time, like in chapter 6. Use of wearables (i.e. IMUs) can thus offer the possibility
of longer monitoring periods, without being restricted to a laboratory environment.
Extending the measurement period to longer durations, such as the 5-7 days in chapter 6,
may specifically be relevant for individuals with lower-extremity OA given the within-days®
as well as day-to-day fluctuations in symptoms. Other wearables such as smartphones or
smartwatches may also be used to capture gait performance. In the newest smartphones,
inertial sensor specifications are satisfactory to enable gait assessment. Since accessibility to
smartphones is very large (i.e. nowadays 96% of the Dutch population between 16-64 years
old has a smartphone®), smartphones could potentially be a new tool that may be exploited
for large-scale assessments with a high measurement frequency. An important drawback is
that sensor location is not standardized, and signals may be noisier when the phone is worn
in a back or in a front pocket. Hence, the validity and reliability of parameters derived from
this data capture mode will likely be more questionable®. Finally, smartwatches can provide
reasonable estimates of walking activity, but the wristis a less optimal location to derive other
gait parameters.
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Based on the fact that self-report (including PROMs) insufficiently captures physical
functioning, and (real-world) gait speed is an important indicator of mobility limitation
in individuals with lower-extremity OA, objective gait data may have additional value for
(clinical) evaluation of individuals with lower-extremity OA. However, strong evidence
supportingits usein clinical decision making is currently lacking. There are, however, a couple
of stepstotakeinthe future, which may help toevaluate the value of objective gait parameters
for clinical decision making.

First, individuals at risk of poor functional recovery could be identified based on IMU-derived
gait data. Previous studies assessing recovery after TKA and THA using PROMSs have identified
distinct subgroups (i.e. high risers, gradual progressors, and non-responders) sharing similar
recovery profiles afterjoint replacement surgery®*%, Given the large heterogeneity in recovery
trajectories observed in chapter 4, it seems reasonable that such subgroups also exist for gait
capacity measures. Establishing the existence of those subgroups in recovery of gait capacity
using, for example, latent class modeling, could then lead to identification of these ‘poor
responders’. Subsequently, prediction models can be developed to identify who is at-risk of
having a poor response. Given that we found high pre-operative walking speeds (i.e. >1.25 m/s)
in 10 out of 34 individuals before TKA in chapters 6, and thus little room for improvement,
patients could also be adequately counseled with regard to the suitability and expectations of
joint arthroplasty when data on gait capacity or gait performance is available.

Another interesting possibility is to return data on (recovery of) gait capacity and gait
performance to the patient and caregiver as feedback, to improve patient engagement and to
monitor recovery. For example, simply providing feedback on walking activity (i.e. step counts)
has been shown to be effective in promoting physical activity®+%. However, such application
strongly hinges on the fact that data is readily available by use of an integrated health-care
application or other digital health platform/application.

Overall conclusion

Without a doubt, evaluation of gait capacity and gait performance provides relevant
information on physical functioning that is not captured by self-report of someone’s physical
functioning or walking ability. Spatiotemporal measures — both in the real world and in
the laboratory — as well as data on walking activity were excellent indicators of mobility
limitations in individuals with lower-extremity OA, illustrated by their good discriminatory
ability and responsiveness. Kinematic parameters may provide better specificity and reflect
gait compensations. Despite the strong potential of gait capacity and gait performance
measures to evaluate mobility in individuals with lower-extremity OA, it is yet unclear how
availability of this data may be used to improve clinical evaluation and decision making. Given
that time with the patientis limited in clinical settings, there should be a strong case showing
the additional value to support the use of objective gait parameters in clinical decision
making. Remotely capturing gait performance using IMUs seems to be an interesting avenue,
but future studies should further evaluate how this data can be used to transform clinical
processes, such that it will benefit the patient in the future.
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Artrose van de onderste ledematen is wereldwijd een van de belangrijkste oorzaken van
fysieke beperking. Artrose wordt gezien als een aandoening van het hele gewricht, waarbij de
hoeveelheid kraakbeen in het gewricht steeds verder afneemt. Dit proces gaat vaak gepaard
met een geleidelijke toename van pijn en lichamelijke klachten. Wanneer er sprake is van
eindstadium artrose en conservatieve behandeling geen goed resultaat meer geeft,dan kaner
voor een gewrichtsvervangende operatie worden gekozen. Naast het verbeteren van pijn, zien
patiénten het verbeteren van lopen als een belangrijk doel van deze operatie. Bij de beslissing
voor deze operatie wordt mobiliteit echter alleen door zelf-rapportage in kaart gebracht. Een
objectieve maat voor mobiliteit wordt niet in de beoordeling gebruikt. Het overkoepelende
doel van dit proefschrift is om het lopen bij mensen met knie- en heupartrose uitgebreid te
evalueren, voor en na een gewrichtsvervangende operatie. De resultaten van dit proefschrift
kunnen vervolgens bijdragen aan het opstellen van objectieve maten voor mobiliteit, die
relevant kunnen zijn voor klinische beoordeling van mensen met knie- of heupartrose.

De relevante achtergrond voor dit proefschrift wordt besproken in hoofdstuk 1. Hierin
bespreek ik onderandere wat artrose inhoudt, wat de gevolgen zijn van artrose in de onderste
ledematen, en hoe dit momenteel behandeld en beoordeeld wordt. Daarnaast laat ik aan
de hand van een theoretisch kader zien hoe het lopen kan worden geévalueerd. Zo kan er
onderscheid worden gemaakt tussen de loopcapaciteit (‘wat mensen kunnen doen’), de
loopprestatie (‘wat mensen daadwerkelijk doen’), en de perceptie van het lopen (‘wat mensen
denken dat ze (kunnen) doen’). Tot slot wordt het gebruik van draagbare sensoren om het
lopen te meten in dit hoofdstuk besproken.

Inhoofdstuk 2 bekeekik hoe goed loopparametersverkregen uit sensoren onderscheid maken
tussen mensen met knie- of heupartrose en gezonde controles. In dit onderzoek droegen
deelnemers draagbare sensoren op de voeten, lage rug, en romp. De sensoren verzamelden
gegevens over het lopen tijdens een 2 minuten looptest. Uit een grote hoeveelheid
loopparameters identificeerde ik vier domeinen: spatiéle loopparameters, temporele
loopparameters, dubbeltaakkosten, en rompbewegingen. De eerste twee domeinen toonden
een sterke relatie met loopsnelheid, en hadden een goed onderscheidend vermogen voor
het lopen van mensen met knie- of heupartrose. Dubbeltaakkosten verschilden niet tussen
mensen met knie- of heupartrose en gezonde controles. Dit resultaat suggereert dat het
lopen bij mensen met knie- of heupartrose niet om meer aandacht vraagt. Bij mensen met
heupartrose, maar niet bij mensen met knieartrose, vonden we grotere rompbewegingen in
vergelijking met gezonde controles, wat kan duiden op compensaties die worden toegepast
tijdens het lopen.

In hoofdstuk 3 beschreef ik een literatuuronderzoek en meta-analyse gericht op studies die
met behulp van draagbare sensoren het lopen vergeleken tussen mensen met knieartrose
en gezonde leeftijdsgenoten. Uit dit literatuuronderzoek bleek dat spatiotemporele
loopparameters, maar ook de bewegingen van de knie en romp vaak gerapporteerd werden.
Een meta-analyse van de studies uit dit literatuuronderzoek bevestigde dat spatiotemporele
loopparameters goed onderscheid kunnen maken tussen het lopen van mensen met
knieartrose en gezonde controles. Daarnaast toonden kinematica van de knie en romp ook
goed onderscheidend vermogen. Deze maten hebben dus een potentiéle waarde voor het
evalueren van lopen bij mensen met knieartrose.
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Het herstel van lopen na plaatsing van een knie- of heupprothese werd onderzocht in
hoofdstuk 4. Net zoals in hoofdstuk 2 werd het lopen gemeten met behulp van draagbare
sensoren tijdens een 2 minuten looptest. De gemiddelde loopparameters verbeterden gestaag
tussen 2 en 15 maanden na plaatsing van een knie- of heupporthese, zelfs tot het niveau
van gezonde controles. De hersteltrajecten van de loopparameters verschilden sterk van de
trajecten van zelf-gerapporteerde scores op pijn en functioneren, waar een sterke verbetering
zichtbaar was in de eerste 2 maanden. Deze resultaten suggereren dat loopparameters
belangrijke informatie bevatten over het herstel na een knie- of heupprothese, wat niet
gereflecteerd wordt door zelf-gerapporteerde scores.

In hoofdstuk 5 richtte ik me op een ander onderdeel van de loopcapaciteit, namelijk de
dynamische balanscontrole. 1k vergeleek de staprespons na zijwaartse en voorwaartse
balansverstoringen tijdens het lopen tussen mensen met knieartrose voorafgaand aan een
gewrichtsvervangende operatie en gezonde controles. Ondanks dat artrose zorgt voor pijn
en structurele veranderingen in de knie, vond ik geen verschil in het herstel van de balans
tussen deze groepen. Dit kan op twee mogelijke manieren worden verklaard: 1) mensen met
artrose maken effectief gebruik van de flexibiliteit in ons sensorisch-motorisch systeem om
tot dezelfde stapreactie te komen als gezonde controles, of 2) de balansverstoringen waren
niet uitdagend genoeg om mogelijke verschillen in dynamische balanscontrole aan het licht
te brengen.

In hoofdstuk 6 werd het lopen in het dagelijks leven gemeten door mensen continu te
monitoren met draagbare sensoren. Mensen droegen een soort sok met sensoren erin,
gedurende 5 tot 7 dagen. In dit onderzoek vergeleek ik mensen voorafgaand aan een
gewrichtsvervangende operatie met gezonde leeftijdsgenoten. De meetmethode in
deze studie maakte het mogelijk verschillende relevante inzichten op te doen over de
loopbeperking in het dagelijks leven. Zo vond ik een lagere loop- en draaisnelheid, een korte
maximale loopafstand, en een lager aantal stappen bij mensen met knieartrose in vergelijking
met gezonde leeftijdsgenoten. Deze resultaten bevatten zeer waardevolle informatie over de
daadwerkelijke loopbeperkingen die mensen met knie- of heupartrose ervarenin het dagelijks
leven.

De resultaten van dit proefschrift worden overkoepelend besproken in hoofdstuk 7. Specifiek
gaat deze discussie in op welke domeinen en parameters relevant zijn voor het evalueren
van lopen bij mensen met knie- of heupartrose. Daarnaast worden de methodologische
overwegingen ten aanzien van het meten van lopen met behulp van sensoren onder de loep
genomen. Tot slot presenteer ik de klinische implicaties van dit proefschrift en beschrijf ik
mogelijke richtingen voor vervolgonderzoek.

Concluderend, de resultaten van dit proefschrift laten zien dat het meten van lopen — zowel
in het laboratorium als in het dagelijks leven —relevante informatie kan geven over het fysiek
functioneren van mensen met knie- of heupartrose, die momenteel niet verkregen wordt
uit zelf-rapportage. Zowel spatiotemporele loopparameters als data over de hoeveelheid
en maximale lengte van het lopen bleken zeer goede indicatoren voor de loopbeperkingen
van mensen met knie- of heupartrose. Kinematische loopparameters, daarentegen,
kunnen mogelijk informatie geven over compensatiemechanismen die worden toegepast
tijdens het lopen. Met behulp van deze loopparameters kan bovendien het herstel na een
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gewrichtsvervangende operatie worden geobjectiveerd. Ondanks het potentieel wat er
schuiltin het meten van lopen, blijft het nog onduidelijk hoe deze resultaten kunnen worden
toegepast in de klinische praktijk, om bijvoorbeeld de beoordeling en besluitvorming te
verbeteren. Sterker bewijs over de aanvullende waarde van deze data zal in de toekomst
moeten worden geleverd, zeker in het licht van de beperkte tijd die er in de kliniek per patiént
beschikbaar is. Het op afstand meten van lopen met behulp van draagbare sensoren kan
hier mogelijk uitkomst voor bieden, maar de methodologische en logistieke uitdagingen die
hieraan zitten gekoppeld zullen dan eerst moeten worden overwonnen.
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EHS congress
ISPGR world congress
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e SMALLL
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e BSc Students (2 students)
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e MSc Students (5 students)
- Biomedical Sciences (Radboud)
- Human Movement Sciences (VU)
- Biomedical Engineering (UTwente)
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Research data management

General information about the data collection

The conduct of the studies included this thesis was in accordance with applicable laws and
ethical guidelines. Furthermore, research data management was conducted according to
FAIR principles. The paragraphs below specify in detail how this was achieved.

Ethics

Chapters 2, 4, 5, and 6 were based on the results of human studies that were conducted in
accordance with the statements of the Declaration of Helsinki. These study protocols were
reviewed and approved by the CMO Arnhem-Nijmegen; with dossier numbers 2018-4452 and
2019-5824, respectively. In all these studies, written informed consent was obtained from all
participants prior to testing.

FAIR principles

Findable

Data were stored on the server of the research department at the Sint Maartenskliniek: V:\
research_ortho_studies\o833_iGait and  V:\research_ortho_studies\o867_ChallengeCR.
Digital case report forms for the studies in chapters 5 and 6 are findable in the Challenge
CR Castor EDC database. Analog versions of the informed consent forms and case report
forms were stored at the research department (room B1.13) and will be transferred to the
department’s archive after publication of the study results.

Accessible

All data will be available on reasonable request by contacting the staff secretary of the
research departmentat the Sint Maartenskliniek (secretariaat.research@maartenskliniek.nl)
orthe corresponding author. Furthermore, datasets leading to the results of chapters 2,3, and
4 are published along with the research articles.

Interoperable

Documentation wasadded to the datasetsto make the datainterpretable. The documentation
contains links to publications, references to the location and description of the datasets. The
data were stored in the following file formats: .h5 (raw Opal sensor data), .c3d (raw Vicon
motion capture data), .mat (processed data in Matlab) and .csv (exported datasets during
various processing steps). No existing data standards were used such as vocabularies,
ontologies or thesauri.

Reusable

Study data will be saved for at least 15 years after termination of the study. Reuse of these data
in future research is only possible after a renewed permission by the participants as recorded
in their informed consents.

Privacy

The privacy of the study participants has been warranted using encrypted and unique
individual subject codes. The encryption key was stored separately from the research data and
isonly accessible to members of the project who need access for study conduct.
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Donders Graduate School for Cognitive Neuroscience

For a successful research Institute, it is vital to train the next generation of young scientists.
To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour established the
Donders Graduate School for Cognitive Neuroscience (DGCN), which was officially recognised
as a national graduate school in 2009. The Graduate School covers training at both Master’s
and PhD level and provides an excellent educational context fully aligned with the research
programme of the Donders Institute.

The school successfully attracts highly talented national and international studentsin biology,
physics, psycholinguistics, psychology, behavioral science, medicine and related disciplines.
Selective admission and assessment centers guarantee the enrolment of the best and most
motivated students.

The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD alumni show
a continuation in academia with postdoc positions at top institutes worldwide, e.g. Stanford
University, University of Oxford, University of Cambridge, UCL London, MPI Leipzig, Hanyang
University in South Korea, NTNU Norway, University of lllinois, North Western University,
Northeastern University in Boston, ETH Ziirich, University of Vienna etc.. Positions outside
academia spread among the following sectors: specialists in a medical environment, mainly
in genetics, geriatrics, psychiatry and neurology. Specialists in a psychological environment,
e.g. as specialist in neuropsychology, psychological diagnostics or therapy. Positions in higher
education as coordinators or lecturers. A smaller percentage enters business as research
consultants,analystsor head of research and development. Fewer graduatesstay in a research
environment as lab coordinators, technical support or policy advisors. Upcoming possibilities
are positions in the IT sector and management position in pharmaceutical industry. In
general, the PhDs graduates almost invariably continue with high-quality positions that play
animportantrole in our knowledge economy.

For more information on the DGCN as well as past and upcoming defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/
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