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Background: Osteoarthritis of the knee is characterized by progressive cartilage deterioration causing pain and
function loss. Symptoms develop late with limited disease-modifying opportunities. Osteoarthritis is a major
cause of immobility, with a higher prevalence above 60 years. This age-related increase in prevalence is further
ampliﬁed by the female gender. Imaging and biochemical analyses for detection of osteoarthritis of the knee are
expensive and labor-intensive. Continuous movement tracking could aid in detecting onset and/or worsening of
symptoms.
Methods: We used portable technology to investigate kinematic diﬀerences in female patients with knee osteoarthritis, weight-matched healthy female volunteers and obese female patients with osteoarthritis of the knee.
Knee osteoarthritis was established radiographically and corroborated using magnetic resonance imaging.
Findings: The total amount, type and level of activity did not diﬀer signiﬁcantly between groups. The temporal
activity pattern during the day was however signiﬁcantly diﬀerent with a bimodal signature in healthy volunteers only. Sequence analyses revealed more time to recuperate after dynamic activity in both patient groups.
Analysis of walking bouts revealed signiﬁcant diﬀerences in stride interval dynamics, indicative of gait naturalness, only in healthy volunteers. Temporal activity, sequence and walking patterns were independent of body
weight.
Interpretation: We thus provide for the ﬁrst-time evidence of temporal speciﬁc kinematic signatures in amount
and quality of movement also in stride interval dynamics between people with and without osteoarthritis of the
knee independent of body weight. These ﬁndings could allow early and non-intrusive diagnosis of osteoarthritis
enabling concordant treatment.

1. Introduction
Osteoarthritis of the knee (KNOA; KNee OsteoArthritis) is one of the
leading causes of global disability (Bijlsma et al., 2011) and the most
common reason for pain in older adults with a signiﬁcant individual
and economic burden (Britton, 2009; Felson, 2006). It is estimated that
between 20% and 30% of adults and elderly suﬀer from this condition
(Yoshimura et al., 2017). The demographic change ahead of us, i.e.
increasing average age of men and women, and lifestyle habits, i.e.
increasing obesity, will only aggravate the impact of this disease
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(Richmond et al., 2013). Being the largest weight-bearing joint, the
knee is most aﬀected by wear and tear and biomechanical load (FowlerBrown et al., 2015; Verhaar, 2008).
Current operative approaches for KNOA have experienced enormous improvements over the last couple of years (Bijlsma et al.,
2011). However, KNOA is a disease of multifactorial origin, starting as a
preclinical condition that can become very advanced before it becomes
symptomatic due to the avascular and noninnervated nature of cartilage (Ryd et al., 2015), cf. the pre-osteoarthritis stage. Biochemical
analyses (Heinegard and Saxne, 2011) and imaging (Eckstein et al.,
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2011; Huang et al., 2011; Kokkonen et al., 2012) to examine this stage
are however not conclusive, expensive and invasive. Neuromuscular
exercises and proprioceptive training have been successful in preventing or at least slowing down KNOA (Roos and Arden, 2016). Still on
a global scale, approximately 1.5 million total knee arthroplasty (TKA)
surgeries, the end-stage of KNOA, are performed (Chu et al., 2012; Leta
et al., 2015; Singh, 2011).
The pathomechanics of clinically manifest KNOA is well described
under restricted laboratory settings using accelerometers or motioncapturing systems (Alkjaer et al., 2015; Cho et al., 2015; Clermont and
Barden, 2016) however a good understanding of subtle and small
changes in behavior requires long-term and continuous monitoring of
movement in a daily setting. Activity patterns are typically probed
using questionnaires, however questionnaires are very susceptible to
subjectivity (Skender et al., 2016).
Accelerometers have been used in a number of diverse ﬁelds
(Annegarn et al., 2012; Baskerville et al., 2017; Cain et al., 2013;
Lipperts et al., 2017; Noorkoiv et al., 2014; Scheer et al., 2017; Senden
et al., 2011; Tabak et al., 2012; Taraldsen et al., 2012). They are less
expensive, less complex to use and mimic realistic settings better than
gait analysis laboratories, yet they produce more objective and detailed
data than subjective interpretation of movement parameters. With regard to KNOA not much is known about kinematic signatures typical for
the disease.
Most studies monitor activity with the goal to detect motion parameters capable of discriminating between healthy and pathological
gaits (Bolink et al., 2016; Kirchner et al., 2014; Tabak et al., 2012). A
lot more information can and should be extracted from these rich and
ecologically valid data sets. Studies on the gait of healthy subjects have
shown great potential of detailed motion analyses, proﬁciency in discerning a number of diﬀerent action categories (Lugade et al., 2014)
and the capability to determine the smoothness (Menz et al., 2003),
rhythm (Menz et al., 2003), stability (Doi et al., 2013), harmony (Iosa
et al., 2016) and naturalness of locomotion (Stergiou et al., 2006). Our
goal was to document in great detail the eﬀect of osteoarthritis of the
knee on macro- and mesoscale temporal patterns and on complex gait
characteristics using unconstrained, continuous and long-term monitoring.
We set out to investigate kinematic signatures and activity patterns
distinctive for KNOA, measured continuously for the duration of a full
week under unconstrained daily conditions. This was done by attaching
triaxial accelerometers, capable of detecting positional displacement in
three spatial orthogonal axes, on the non-aﬀected femur of patients
suﬀering from KNOA as assessed clinically and radiological compared
with healthy volunteers. Only women aged between 50 and 65 years
were included in study, as KNOA prevalence is highest in this group.
According to the World Health Organization, OA is the fourth leading
cause of immobility, with a prevalence of 18% for women and 9.6% for
men aged above 60 years (Woolf and Pﬂeger, 2003). Prevalence of knee
OA increases with age, especially above 50 years. This age-related increase in prevalence is further ampliﬁed by the female gender (Arden
and Nevitt, 2006). Given the modulatory eﬀect of weight we also included a group of obese KNOA patients. The rationale was that a meticulous description of potential distinctive signatures in KNOA could
then be used in future studies and clinical practice to detect early-OA in
healthy subjects allowing the rapid initiation of adequate preventive
treatments.
The goal of our study was to examine diﬀerences in activity patterns, temporal, sequence and fractal dynamics between patients suffering from osteoarthritis of the knee and matched healthy participants
following continuous, long-term (one week) and unconstrained monitoring at home, taking body weight into account.

2. Methods
2.1. Subjects
This study included three groups: healthy controls (BMI:
20–25 kg m−2), lean KNOA (BMI: 20–25 kg m−2) and obese KNOA
(BMI: 30–40 kg m−2). Only women aged between 50 and 65 years were
included, as KNOA prevalence is highest in this group. The upper aged
limit was adopted to prevent inclusion of participants at high risk of
having comorbidities (e.g. type II diabetes mellitus, osteoporosis, dementia, cardiovascular disease). OA patients having a Kellgren
Lawrence (KL) score between 1 and 3 at the medial tibiofemoral site
were included.
All subjects participated in a larger study, i.e. the KNOA study referring to “Knee Osteoarthritis”, coordinated at the Maastricht
University Medical Center (MUMC+). The KNOA study consisted of
monitoring physical activity over a longer time span, i.e. one week,
while subjects were instructed to engage in regular daily activities.
Radiological assessment of KNOA was done by means of the Kellgren
and Lawrence classiﬁcation system (Kellgren and Lawrence, 1957) and
further corroborated by magnetic resonance imaging using the MRI
Osteoarthritis Knee Score, i.e. MOAKS (Hunter et al., 2011).
Exclusion criteria were any inﬂammatory arthritis, trauma, OA at
any other joint in the lower extremities including patellofemoral OA
and tibiofemoral OA on the lateral site, anterior cruciate ligament injury, medial and collateral ligament injury, and psychiatric illness according to the Diagnostic and Statistical Manual of Mental Disorders
classiﬁcation criteria for psychiatric illnesses (patients were excluded
when diagnoses were present in their medical ﬁles). Healthy women
were non-obese, did not meet the exclusion criteria, and did not have
knee OA according to the American College of Rheumatology classiﬁcation criteria (Altman et al., 1986).
The study was approved by the Medical Ethical Committee
Maastricht University Medical Centre and all subjects gave their informed consent. All procedures were in accordance with the ethical
standards of the institutional and national research committee and with
the 1964 Helsinki declaration and its later amendments.
2.2. Imaging analyses: radiography and magnetic resonance imaging
Radiographic imaging was used to evaluate knee cartilage and knee
OA status. Presence of knee OA was assessed from X-ray images by the
Kellgren-Lawrence (KL) knee score (Kellgren and Lawrence, 1957).
Subjects having a score between 1 and 3 at the medial tibiofemoral site
were included in this study. The X-ray images were evaluated doubleblind by two independent orthopedic surgeons.
To more accurately assess cartilage health in all study groups,
Magnetic Resonance Imaging (MRI) was performed using a 3 T Philips
Intera Scanner (Philips Medical Systems, Best, The Netherlands). Cartilage
health was evaluated based on the MRI Osteoarthritis Knee Score
(MOAKS) (Hunter et al., 2011). For a more detailed description of
imaging procedures, we refer to Verlaan et al. (Verlaan et al., 2018)
2.3. Equipment
Accelerations were measured using a three-dimensional accelerometer (49 × 40 × 14 mm; length, width x height; weight: 30 g), i.e.
KXSD9 tri-axis Digital Accelerometer (http://www.microelectronicos.com/datasheets/KXSD9-2050.pdf, n.d.) with a Texas Instruments microcontroller capable of monitoring positional displacements
expressed in amount of gravitational inertial force (g) in anteroposterior, mediolateral and vertical or cranial-caudal directions
(Senden et al., 2011). The accelerometer was secured midway between
patella and spina iliaca anterior superior using adhesive hypoallergic
tape to reduce extraneous movements as much as possible. Data were
sampled at 25 Hz and stored on a local internal memory of 2 GB. The
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unit was powered by a Lithium Ion battery capable of recording approximately two weeks at abovementioned sampling frequency (Senden
et al., 2011).
2.4. Protocol
Accelerometers were positioned and instructions were given at the
policlinic of orthopedic surgery. Subjects were instructed to wear the
accelerometer at all times during a full week to ten days when a new
appointment was made to remove the apparatus. Accelerometers were
waterproof and adhesive tape strong enough for the full duration.
Importantly, subjects were not primed or inﬂuenced in any way to
move diﬀerent than usual. Instructions for correct reattaching the accelerometer when necessary were also provided.
2.5. Data analysis
Raw data was downloaded to a PC using commercially available
software packages (IDEEQ from Maastricht Instruments Inc.). Files were
converted to readable .bin ﬁles and imported into Matlab (Mathworks,
Natick, MA, USA) for further processing and analyses. Analyses and
algorithms applied were largely in line with previously published work
from our laboratory (Annegarn et al., 2012; Senden et al., 2011). Kinematic traces were converted to conventional coordinates following
International Society of Biomechanics (ISB) gait guidelines (Wu et al.,
2005). Parameters of interest were: diﬀerent levels of activity, i.e. sitting/lying, standing and dynamically active and diﬀerentiations of
dynamically activity from bottom to top respectively low, medium and
vigorous activity. Average physical activity per subject and per group.
Fluctuations of average physical activity during the course of the day.
Diﬀerences in time to recuperate after activity and complex ﬂuctuations
in gait pattern using detrended ﬂuctuation analyses. A detailed description on all procedures and algorithms written in Matlab can be
found as supplementary material to this paper (Supplementary
Methods). All data is made available to the general public and can be
obtained by contacting the corresponding author.
2.6. Statistical analysis
Non-parametric statistics, i.e. Kruskal-Wallis H tests, equivalent to
one-way ANOVAs, with Mann-Whitney U tests, to test for pairwise
signiﬁcance were run on data with only one factor and limited data
entries, i.e. when running hypotheses of one variable between groups.
N-way ANOVAs were run on hypotheses containing more than one
factor, e.g. the temporal signature of average activity over the course of
the day between groups. Signiﬁcant F-statistics were followed up with
Bonferonni-corrected pairwise post-hoc tests. All analyses were performed in Matlab and custom-scripts were made if not available in the
library or online repositories. A P-value of ≤0.05 was considered signiﬁcant. Bootstrap analysis was performed on the temporal activity
patterns between groups by creating an empirical distribution constructed by drawing 10,000 random samples (n = 10) with replacement. Bootstrap conﬁdence intervals were set at 95%.
3. Results
3.1. Subjects characteristics
Thirty-two subjects were included in this study, divided over three
study groups. The ﬁrst group consisted of healthy volunteers (n = 11),
the second group of body weight matched subjects suﬀering from
KNOA with Kellgren-Lawrence (KL) scores ranging from 1 to 3 (n = 11;
mean KL 2) and the third group of obese subjects with KNOA and
Kellgren-Lawrence scores 1 to 3 (n = 10; mean KL 2.43; comparison
between KL-scores of the two KNOA groups, Mann-Whitney U test,
U = 1.78, P = 0.1826). Furthermore, there was no signiﬁcant

Table 1
Anthropometric measurements and imaging characteristics. An asterisk indicates a signiﬁcant diﬀerence of the variable between the three groups
(Kruskal-Wallis test). Signiﬁcant diﬀerences between groups, tested with concordant Mann-Whitney U tests, are between groups 1 and 2 with group 3 on
weight and BMI, between group 1 and groups 2 and 3 on MOAKS and KL. There
was no signiﬁcant association between KL-grades in the two diﬀerent OA
groups (group 2 and group 3) (Chi-square statistic = 1.29, P = 0.52).
Parameter

Age (years)
Height (m)
Weight (kg)
BMI (kg/m2)
KL (grade)
(1; 2; 3)
MOAKS (grade)

Group 1

Group 2

Group 3

Healthy
volunteers

Lean KNOA
patients

Obese KNOA
patients

n = 11

n = 11

n = 10

Mean (SD)

Mean (SD)

Mean (SD)

57.6 (4.5)
1.67 (0.05)
64.1 (5.74)
22.83 (1.12)
n.a.

60.2 (4.7)
1.66 (0.06)
66.9 (6.3)
24.36 (2.16)
2 (0.63)
(2; 7; 2)
1.01 (0.66)

59.9 (4)
1.63 (0.1)
84.9 (13.44)
31.27 (2.07)
2.3 (0.67)
(1; 5; 4)
1.04 (0.75)

0.29 (0.36)

P

0.3
0.34
< 0.001*
< 0.001*
0.18
0.95

association between KL-grades in the two diﬀerent OA groups (group 2
and group 3) (Chi-square statistic = 1.29, P = 0.52). The MOAKS
between the healthy volunteers and the two KNOA groups, lean and
obese, were also signiﬁcantly diﬀerent (mean MOAKS 0.29 (n = 8) vs.
1.01 (n = 9) and 1.04 (n = 9) respectively; Mann-Whitney U tests, both
P's = 0.02), but not between the two patient groups (Mann-Whitney U
test, P = 0.95). Obesity thus has no inﬂuence on the severity of the
osteoarthritis as evidenced by magnetic resonance imaging. Please note
that we did not obtain MRI data from all subjects, i.e. group 1 = 8/11,
group 2 = 9/11 and group 3 = 9/10. Average BMIs were 22.83, 24.36
and 31.27 kg/m2 respectively (Kruskal-Wallis test, H = 20.02,
P < 0.001; post-hoc Mann-Whitney U test showed signiﬁcant diﬀerences between group 3 and other 2 groups only). Groups were also
matched according to age (57.6, 60.2 and 59.9 years; Kruskal-Wallis
test, H = 2.43, P = 0.02966). Full anthropometric measurements can
be found in Table 1.

3.2. Continuous monitoring and classiﬁcation of kinematics
The accelerometers we employed lasted 7–10 days without recharging and sampling quality was good and stable during the entire
duration as evidenced by a randomly chosen epoch of 20 min from a
random subject (Fig. 1a). Fig. 1b represents a 2-min zoomed-in section
from mid-epoch. Action classiﬁcation results are indicated by the full
black line above the kinematic traces. During active episodes we further
looked at the intensity of activity, plotted as dots above the classiﬁcation line.
For each subject we visualized the average activity level per hour in
color plots (Fig. 1c) to discern potential temporal patterns of activity
that could discriminate between the three groups. Red colors represent
hours with lots of activity, blue colors the opposite. As such, day-night
cycli are easily discriminable (Tracy et al., 2014).
Next, we applied correlation analyses using the 24-h activity patterns to look for potential patterns between all recorded days of all
subjects (Fig. 1d) and between an averaged 24-h curve per subject
within or between groups (Fig. 1e). The average correlation index per
day within each group was 0.39, 0.38 and 0.33 respectively (unbalanced one-way ANOVA, F = 32.94, P < .001) with a signiﬁcantly
lower index for the obese KNOA patients compared to the other two
groups (P < 0.001, Bonferonni-corrected). This points to the fact that
within the obese KNOA group larger diﬀerences between subjects exist.
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Fig. 1. Data acquisition and classiﬁcation under unconstrained conditions. a. Twenty-minute epoch with raw kinematic XYZ-signals from an accelerometer attached
to the left femur represented by red, green and blue colors respectively for anteroposterior, vertical and mediolateral directions. The full line depicts three diﬀerent
levels of activity, i.e. sitting/lying, standing and dynamically active. The black dots represent the level of activity during the latter, with three diﬀerentiations from
bottom to top respectively low, medium and vigorous activity. Please note that the kinematic traces have not been converted to ISB-coordinates. b. Zoomed image on
an approximately two-minute section of the kinematic traces from a (box). Vertical raster lines denote minutes. Rest conform a. c. Average physical activity per hour
for multiple monitoring days for a random subject from group 1. Data were normalized across days but within subject. Please note that during the ﬁrst 13 h of day 1
and the last hour of day 8 the accelerometer was not active, i.e. subject was not monitored. Hours per day are represented on the horizontal axis, diﬀerent monitoring
days on the vertical axis. d. Matrix representing correlations between the 24 h-average activity proﬁles across all monitoring days within each subject, across subjects
and across groups. e. Matrix representing correlations between the averaged 24 h-activity proﬁle per subject across subjects and across groups. In d. and e.
correlations are color-coded by means of the accompanying color bar. The full black lines demarcate the diﬀerent groups. No evident pattern is discernable. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

3.3. OA does not aﬀect total amount, type nor level of activity
Next, we looked at potential diﬀerences in temporal signatures of
activity patterns between groups. For each subject in each group we
obtained one average temporal signature, represented in Fig. 2a. Two
subjects from the ﬁrst group and one subject from the third group were
excluded due to insuﬃcient full monitoring days (< 5 days). We either
normalized the temporal signatures to the maximum activity pattern of
each subject individually (Fig. 2a upper panels) or to the maximum
activity within the whole group (Fig. 2a lower panels). The former gives
an idea on the absolute ﬂuctuations in activity during the day per
subject, while the latter gives a more realistic and relative indication of
ﬂuctuation patterns over groups. In total there are no diﬀerences between groups in activity pattern over days (Fig. 2b; Kruskal-Wallis test,
H = 2.1, P > 0.05). Subjects in all three groups moved on average
equally over days, although healthy subjects tended to move a bit more
than lean subjects with KNOA (SMA group 1 = 0.2754 units vs. SMA
group 2 = 0.2443 units) who in turn tended to move a bit more than
obese subjects with KNOA (SMA group 3 = 0.2277 units), however all
eﬀects were not signiﬁcant. Similar results were obtained when testing
the per-subject normalized data.
The average amount of time (proportions) spent sitting or lying,
standing or being dynamically active during waking hours (Fig. 2c left
panel) did not reveal signiﬁcant diﬀerences between groups (respective
scores group 1: 0.6, 0.34 and 0.06; group 2: 0.55, 0.38 and 0.07; group

3: 0.6, 0.35 and 0.05; unbalanced two-way ANOVA, F = 0.21, P = .99).
The level of dynamic activity, expressed as frequencies, was also not
signiﬁcantly diﬀerent (respective scores group 1: 2.02, 19.15 and 0.87;
group 2: 2.04, 18.54 and 1.2; group 3: 3.15, 17 and 0.79; unbalanced
two-way ANOVA, F = 0.39, P = 0.68; see Fig. 2c right panel; notice
that proportions do not add up to 1 given that during some hours
subjects did not express any physical activity, e.g. sitting at a desk for
longer than 1 h).
Based on these analyses it is clear that KNOA, in our sample, does
not aﬀect the total amount of physical activity, type of activity, nor the
level of activity.
3.4. Lack of bimodal activity patterns during the course of the day in OA
However, eyeballing the color plots in Fig. 2a, qualitative diﬀerences between groups seem to be present. To get a better idea on
temporal ﬂuctuations, we plotted and directly compared the temporal
signatures of the three groups (Fig. 3). Temporal patterns over days
diﬀered signiﬁcantly (two-way unbalanced ANOVA, F = 18.56,
P < 0.001) with lower levels of activity in the afternoon from 3 to 5
P.M. for the KNOA patients, independent of body weight. Also, temporal activity patterns in the morning, at 12 A.M. for the obese patients
and from 11 A.M. to 1 P.M. for the lean KNOA group diﬀered with the
healthy subjects. All post-hoc pairwise tests were performed using
Bonferonni correction. Notwithstanding the lack of a general signiﬁcant
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Fig. 2. OA does not aﬀect total amount, type nor level of activity. a. Average physical activity per subject and per group. Upper panels represent data normalized to
the maximum physical activity per hour per subject. Lower panels represent data normalized to the maximum hourly physical activity proﬁle within each group. Only
data from subjects containing at least 7 days of full-day monitoring were used to calculate day-averages per subject. Horizontal axis depicts hours per day, vertical
axis the number of subjects with full 7-day monitoring data, i.e. 9, 11 and 9 subjects respectively. b. Average full-day activity levels between groups are comparable
(Kruskal-Wallis test, H = 2.1, P > 0.05), calculated on the traces normalized per subject (lower panels in a.). c. Left, average time (%) spent performing the diﬀerent
classiﬁed actions (sitting/lying, standing and dynamically active) for the three groups during the active day. i.e. from waking up until going to bed. Right, average
frequencies of activity level (low, middle or vigorous) performed most within each hour calculated only for dynamically active epochs. Values in b and c are SD
standard error of the mean.

eﬀect in physical activity over days (Fig. 2b), examining temporal signatures in more detail reveals group-speciﬁc patterns with a more bimodal type of activity-level in the healthy group. Results were corroborated by bootstrap analysis with signiﬁcantly lower levels of activity
for the KNOA patients in the afternoon, from 3 to 5 P.M., and vice versa
for the healthy subjects (all Ps < 0.05). Furthermore, the increased
activity levels at 12 A.M. was signiﬁcant for the healthy subjects and
signiﬁcantly lowered in the lean (both Ps < 0.05), but not the obese
patients. However, the diﬀerences at 11 A.M. and 1 P.M. were not
signiﬁcant between groups. Thus, the main ﬁnding of increased temporal activity patterns in healthy subjects as compared to subjects
suﬀering from osteoarthritis in the early afternoon, i.e. from 3 to 5 P.M.,
was not due to small sample sizes.

3.5. Increased time to recuperate in OA following locomotion but not
standing
We were interested in potential diﬀerences in time to recuperate
after such events. Instead of looking at large spans of time, i.e. 1-h
epochs, we divided the temporal kinematic traces in bouts of 5 min and
subjected it to our action classiﬁcation algorithm. Following a standing
epoch, no signiﬁcant diﬀerences were observed within the 30-min interval between groups (repeated measures two-factor ANOVA, F = 1,
P = 0.37) (Fig. 4a). Following an active epoch, signiﬁcant diﬀerences
between groups were observed (repeated measures two-factor ANOVA,
F = 5.18, P < 0.01), albeit without any signiﬁcant pairwise comparison (Fig. 4b). There thus seems to exist a general trend for more
rest, i.e. sitting or standing, after an active period in patients with
KNOA as compared to healthy subjects.
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stride time left and right (medians 1.0145 s, 1.0752 s and 1.1932 s
respectively; Kruskal-Wallis test, H = 1.29, P = 0.5165; Fig. 5b) and
harmonic ratios, indicative of the smoothness and rhythm of gait
(anteroposterior direction: medians 2.1869, 1.8506 and 2.2793 respectively; Kruskal-Wallis test, H = 0.19, P = 0.9114; vertical direction: medians 2.5486, 2.1427 and 2.5075 respectively; Kruskal-Wallis
test, H = 0.18, P = 0.9129; lateromedial direction: medians 0.5627,
0.5194 and 0.4218 respectively; Kruskal-Wallis test, H = 1.46,
P = 0.4808; Fig. 5c; all harmonic ratios expressed in amplitudes), were
similar across the three groups.
However, the DFA index, a parameter of locomotor function looking
at stride-to-stride time ﬂuctuations as an indicator for naturalness or
good health of gait, was signiﬁcantly diﬀerent between groups (medians of slope α 0.8138, 0.6695 and 0.6424 respectively; Kruskal-Wallis
test, H = 7.58, P < 0.05), with signiﬁcant diﬀerences between the
group of healthy subjects and both patients groups with KNOA, but
independent of BMI (Mann-Whitney U test, Us 2.07, 2.85 and 0.04
between group 1 & 2, group 1 & 3 and group 2 & 3; P < 0.05,
P < 0.05 and P = 0.9719 respectively).
Fig. 3. Diﬀerent temporal activity patterns between groups. Fluctuations of
average physical activity during the course of the day are diﬀerent for the three
groups. Calculated on 9, 11 and 9 subjects respectively. A bimodal signature is
present in activity patterns of healthy subjects (group 1) with signiﬁcant peak
activities in late morning and late afternoon. Values are SD standard error of the
mean. Green asterisks and stars represent signiﬁcant pairwise comparison at
P's < 0.01 between group 1 and group 2 + 3 and group 1 and group 2 respectively. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

3.6. Reduced stride-to-stride ﬂuctuations in OA
An important yet subtle observation in the analysis of gait dynamics
has provided insight into pathological alterations in the physiology of
gait (Hausdorﬀ, 2007; Hausdorﬀ et al., 1997). Close examination of gait
revealed complex ﬂuctuations in gait pattern and more speciﬁcally in
stride-to-stride ﬂuctuations previously considered to be mere noise.
Short- and long-term autocorrelations of these non-stationary signals
can be unraveled using detrended ﬂuctuation analyses (DFA), a fractal
analysis technique, in line with extensive research in cardiology
(Goldberger et al., 2002).
Following the extraction of walking bouts (Annegarn et al., 2012), a
previously validated algorithm based on the ﬁltered anteroposterior
acceleration signal using integration processes and peak detection algorithms (Zijlstra and Hof, 2003) was applied to detect left and right
steps. Based on these left-right steps we were able to look at a number
of walking parameters inﬂuenced by osteoarthritis or obesity between
the three groups.
Mean step time (medians 607 ms, 637 ms and 697 ms respectively;
Kruskal-Wallis test, H = 1.32, P = 0.5165; Fig. 5a), average of mean

4. Discussion
To the best of our knowledge this study is the ﬁrst in its kind to
document in great detail the eﬀect of osteoarthritis of the knee on
macro- and mesoscale temporal patterns and on complex gait characteristics using unconstrained, continuous and long-term monitoring.
Within the domain of KNOA only a handful of studies have been
carried out previously using accelerometers, yet this study diﬀered
notably from these studies in a number of ways. A ﬁrst study by Liu and
colleagues (Liu et al., 2016) looked into the eﬀect of KNOA on physical
activity and symptoms change over the course of a year. This study
however lacked a control group of matched healthy volunteers. BMI as
potential confounder for OA (Zheng and Chen, 2015) was not considered in their design and motion analyses only allowed discriminating
light from moderate-to-vigorous activity.
A second study by Staab and colleagues (Staab et al., 2014) investigated gait parameters more in detail using spectral analyses and a
combination of accelerometry and motion capturing by an optoelectronic system. This study did contain a control group of osteoarthritisfree subjects although not matched according to age or weight. According to our results the latter non-matched variable should not resort
too much eﬀect, yet the former variable can have serious implications
on detailed gait parameters (Tracy et al., 2014). Moreover, we only
found a signiﬁcant diﬀerence in the presence of more long-range strideto-stride time interval correlations (DFA) in healthy subjects compared
to patients. Staab and colleagues (Staab et al., 2014) did ﬁnd diﬀerences in gait velocity, cadence and symmetry, possibly pointing to the
fact that their groups were more diverse than our groups. The fact that
we only found a speciﬁc and well-deﬁned diﬀerence between patients
Fig. 4. Increased time to recuperate in OA following
locomotion but not standing. Sequential consequences after standing (a) or being dynamically
active (b) for at least 5 min on the activity type in the
subsequent 30 min, divided in 5 min sections. Values
range from 1 to 3, i.e. 1 = sitting/lying,
2 = standing and 3 = dynamic activity. Two-way
ANOVAs not signiﬁcant in a, but factor ‘group’ was
signiﬁcant in b (P < 0.01).
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Fig. 5. Reduced stride-to-stride time interval ﬂuctuations in OA. Diﬀerent walking parameters calculated on left and right step detection based on automatic selection
of walking traces from concatenated kinematic traces: a. mean step time, b. mean stride time, c. harmonic ratios for anteroposterior, vertical and mediolateral
accelerations and d. detrended ﬂuctuation analysis (DFA). Black stars denote signiﬁcant p-values (P's < 0.05).

with and without KNOA in the domain of naturalness of gait and not on
any other gait parameter could provide evidence for a more deﬁned
demarcation of KNOA in our study.
Recently, both Alkjaer and colleagues (Alkjaer et al., 2015) and
Clermont and Barden (Clermont and Barden, 2016) did not ﬁnd signiﬁcant diﬀerences in DFA between patients with and without KNOA.
The DFA for subjects from our healthy group was in range of previously
reported DFA values from their and other studies (our DFA: 0.81 vs.
DFAs from other studies: 0.72, 0.77, 0.88 and 0.76, the former two
DFAs from the abovementioned studies, the latter two from (Gates
et al., 2007) and (Kobsar et al., 2014) respectively). The DFA values of
our KNOA patients were lower than reported by Alkjaer et al. (Alkjaer
et al., 2015) and Clermont and Barden (Clermont and Barden, 2016),
i.e. 0.67 and 0.64 vs. 0.80 and 0.77 respectively. This could be due to a
number of reasons. Firstly, we used longer kinematic traces for our
stride-to-stride calculations (on average 40 min. vs. 10 min. in both
studies). Secondly and more importantly we monitored subjects under
unconstrained and natural conditions, thus being less susceptible to
experiment-desired outcomes, e.g. forced locomotion during the monitoring phase in a laboratory setting (Dingwell and Cusumano, 2010).
The variety in severity of KNOA as measured by the Kellgren and
Lawrence scale was similar and is unlikely to account for the observed
diﬀerences (Kiss, 2011). We do not think that the nature of the concatenated signal used in our analyses could account for these discrepancies (Kirchner et al., 2014).
Another important addition to these studies is the ﬂuctuating activity pattern during the course of the day in healthy volunteers but not
KNOA patients. This ﬁnding is completely new within the ﬁeld of KNOA
but has been observed before in COPD patients (Tabak et al., 2012) and
could also provide opportunities for early detection and initiation of
neuromuscular and proprioceptive training programs (Roos and Arden,
2016). However, we were not able to relate this diﬀerence in temporal
activity pattern to the severity of the underlying cartilage damage (KLscores) due to the low number of subjects in our study. Nor were we
able to relate this ﬁnding to the level of experienced pain since we did
not collect these data.
Furthermore, our sequence analyses pointing to more time needed
for recuperation in KNOA patients after being active, but not standing
still, is also completely new and could also be used as a tool in early
detection. We must however emphasize that pairwise post-hoc tests did
reveal trends, but not signiﬁcance, between healthy volunteers and
KNOA patients. A more extensive study with more subjects in all groups
could potentially yield signiﬁcant results when analyzing kinematic
data to detect sequence eﬀects.
We are mindful of the fact that we only had a limited amount of
subjects in our three groups. Moreover, we only included females. It is
known that KNOA increases with age, especially in people above
50 years and that this increment is ampliﬁed in women (Arden and
Nevitt, 2006). Although our subjects were within this age range, we do

not think our data could not be extrapolated to the other gender or
other age groups. A more extensive study with more subjects (including
males), longer and more monitoring periods could strengthen our results.
More importantly, we realize that our study did not incorporate
experienced pain as predictor or moderator to manifest behavior.
Fukutani and colleagues (Fukutani et al., 2016) have recently shown
that patients with late KNOA (KL-scale 3 and 4) ascend and descend
stairs less and avoid sit-to-stand transitions more than patients with
early KNOA (KL-scale 1 and 2), a ﬁnding associated with experienced
pain. To account for these observations, we recently recorded detailed
motion data via an optoelectronic motion capturing system, of the same
subjects included in this study performing the actions investigated by
Fukutani and colleagues (Fukutani et al., 2016), i.e. walking on a ﬂat
surface (Verlaan et al., submitted), ascending and descending stairs
(Verlaan et al., 2019) and sit-to-stand (Verlaan et al., 2018) and vice
versa.
5. Conclusion
This study systematically examined diﬀerences in activity patterns,
temporal, sequence and fractal dynamics between patients suﬀering
from osteoarthritis of the knee and matched healthy participants following continuous, long-term (one week minimum) and unconstrained
monitoring at home, taking body weight into account.
In sum, the results highlight the importance of continuous monitoring of movement patterns in daily settings in order to discriminate
at the behavioral level patients with and without KNOA. As such, these
subtle yet signiﬁcant diﬀerences in temporal dynamics, i.e. temporary
decrease in activity in early afternoon and more time needed to recuperate after physical activity, and fractal dynamics, i.e. with reduced
naturalness of gait, between patients with knee osteoarthritis and
healthy controls could be used as behavioral markers for early detection
and/or worsening of symptoms in KNOA (Chu et al., 2012; Ryd et al.,
2015). These behavioral markers are measured easily, rapidly and noninvasively and can operate in concert with biomarkers and (non)-invasive imaging techniques to signal potential underlying structural
damage in subjects prone to development of OA, i.e. presence of risk
factors (Ryd et al., 2015).
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