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Abstract
We investigated the relationship between lower limb osteoarthritis (OA) and muscle strength and power (assessed by jump-
ing mechanography) in UK community-dwelling older adults. We recruited 249 older adults (144 males, 105 females). OA 
was assessed clinically at the knee according to ACR criteria and radiographically, at the knee and hip, using Kellgren and 
Lawrence grading. Two-footed jumping tests were performed using a Leonardo Mechanography Ground Reaction Force 
Platform to assess maximum muscle force, power and Esslinger Fitness Index. Linear regression was used to assess the 
relationship between OA and jumping outcomes. Results are presented as β (95% confidence interval). The mean age of par-
ticipants was 75.2 years (SD 2.6). Males had a significantly higher maximum relative power during lift off (mean 25.7 W/kg 
vs. 19.9 W/kg) and maximum total force during lift off (mean 21.0 N/kg vs. 19.1 N/kg) than females. In adjusted models, we 
found significant associations in males between clinical knee OA and maximum relative power [− 6.00 (CI − 9.10, − 2.94)] 
and Esslinger Fitness Index [− 19.3 (− 29.0, − 9.7)]. In females, radiographic knee OA was associated with total maximum 
power [− 2.0 (− 3.9, − 0.1)] and Esslinger Fitness Index [− 8.2 (− 15.9, − 0.4)]. No significant associations were observed for 
maximum total force. We observed significant negative associations between maximum relative power and Esslinger Fitness 
Index and clinical knee OA in males and radiographic knee OA in females. We have used novel methodology to demonstrate 
relationships between muscle function and OA in older adults.
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Introduction

Osteoarthritis is the most prevalent chronic joint condition, 
resulting in pain, loss of function, and reduced quality of 
life. An estimated 27 million US and 8.5 million UK adults 

suffer from osteoarthritis, and it is ranked the 11th highest 
contributor to disability worldwide [1].

Once thought of as a classically degenerative disease of 
wear and tear, interest is growing in a more systemic patho-
genesis, with inflammatory and metabolic components. It is 
recognised as a disease of the whole joint, involving articu-
lar cartilage, bone, ligaments, peri-articular soft tissue and 
muscle [2].

Muscle weakness is a recognised feature of osteoarthritis, 
with reports of 20–40% weaker quadriceps in knee osteo-
arthritis patients compared with age-matched controls [3]. 
Proposed mechanisms behind this relationship include the 
role of these muscles in stabilising the joint and as shock 
absorbers, to reduce joint loading and muscle weakness is 
also associated with worsening pain and physical function 
[4]. Similarly, hip osteoarthritis is associated with gener-
alised lower limb muscle weakness [5]. The importance 
of maintaining good muscle function in osteoarthritis is 
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reflected in recommendations for strengthening exercises in 
clinical guidelines [6–8].

Jumping mechanography is a novel technique to assess 
functional muscle parameters from a one- or two-footed 
jump. Jumping is a complex movement which incorporates 
muscle function as well as coordination of muscle groups 
and integration of sensory inputs including proprioception 
and the vestibular system. It requires high-intensity muscle 
function, enabling the measurement of peak muscle capacity 
in performing a real-life action against gravity, rather than 
more artificial measures of muscle function such as isomet-
ric muscle strength. It is, therefore, potentially a measure of 
more global muscle function, and thus, more representative 
of everyday life. Jumping mechanography is a validated tool, 
which has shown correlation with traditional measures of 
muscle and functional capacity, with good reproducibility, 
little learning effect, and good safety [9]. Additionally, it 
provides novel insights into lower limb muscle power and 
force which take the understanding of muscle physiology 
beyond that provided by muscle strength alone. Studies 
have shown that jumping mechanography is able to detect 
age-related declines in muscle capability earlier than tradi-
tional measures of physical capability, suggesting it may be a 
more sensitive tool to detect functional muscle deterioration 
[10, 11], however, data describing the relationship between 
jumping mechanography and osteoarthritis is lacking.

For this reason, the aim of this study was to explore the 
relationship between whether muscle function, assessed 
using jumping mechanography, differed between partici-
pants with clinical or radiographic lower limb osteoarthritis 
compared to those without and investigate the relationship 
between continuous variables and jumping mechanography 
outcomes.

Methods

Participants were members of the Hertfordshire Cohort 
Study (HCS), a large prospective study of the lifecourse 
origins of disease involving community-dwelling men and 
women born in Hertfordshire between 1931 and 1939. The 
HCS has previously been described and is generally repre-
sentative of the UK population as a whole [12, 13]. Of the 
376 participants enrolled, 249 were able or willing to per-
form jumping mechanography with other exclusions includ-
ing refusal due to pain or frailty, and the presence of hip or 
knee arthroplasty.

Osteoarthritis data were obtained from HCS members 
as part of the UK component of the European Project on 
Osteoarthritis (EPOSA) [14]. A questionnaire was used to 
collect demographic information such as smoking status, 
alcohol intake, physical activity (recorded as minutes per 
day) and the Western Ontario and McMaster Universities 

Osteoarthritis Index (WOMAC)—a 24-item questionnaire 
with 3 subscales measuring pain, stiffness and physical func-
tion [15]. Five-point Likert scales ranging from 0 to 4, with 
0 indicating none, were used to record WOMAC scores, with 
a score ≥ 1 indicating symptoms. Trained research nurses 
collected measurements of height and weight. Clinical 
examination of the knees was performed and osteoarthritis 
was diagnosed according to the American College of Rheu-
matology criteria [16].

Antero-posterior (AP) and lateral knee radiographs were 
taken of both knees and hips, and graded for osteoarthritis 
by rheumatologists based on Kellgren and Lawrence score 
(K&L) scores [17]. Radiographic knee or hip osteoarthritis 
was defined as a K&L score of ≥ 2. Knee and hip replace-
ments were excluded.

Jumping mechanography assessed a two-footed counter-
movement jump using a Leonardo Mechanography Ground 
Reaction Force Platform (Leonardo software version 4.2; 
Novotec Medical GmbH), to assess lower limb muscle force 
and power. Study participants were asked to stand on the 
ground reaction force platform, bend their knees and jump as 
high as possible. This was repeated 3 times and the highest 
jump was used to calculate force, power and the Esslinger 
Fitness Index (EFI); force and power were normalised to 
body weight (N/kg and W/kg respectively). To clarify, force 
is equal to mass multiplied by acceleration (F = ma) and 
power is equal to force multiplied by velocity (P = Fv). The 
EFI compares the relative power per kg body weight of a 
study participant to the average of an age and sex-matched 
reference group, and is expressed as a percentage where 
100% represents the 50th percentile for sex and age.

Statistical Methods

Statistical analyses were performed using Stata version 15. 
Participant characteristics were described using means and 
standard deviations (SD) for continuous normally distrib-
uted variables or median and inter-quartile range (IQR) for 
skewed continuous variables. Frequencies and percentages 
were used for binary and categorical variables. To assess 
for differential effects between males and females, partici-
pants were stratified by sex and sex differences were ana-
lysed using the t test, Wilcoxon-ranksum test, Chi squared 
or Fisher’s exact tests.

Linear regression analysis was used to investigate asso-
ciations between jumping mechanography data and clinical 
and radiographic osteoarthritis, unadjusted and adjusted for 
age, height, social class, smoker status, alcohol consump-
tion, physical activity and pain in the corresponding joint 
(when examining associations with radiographic osteoar-
thritis, using the corresponding continuous WOMAC scale). 
Results of the regression analyses are presented as regres-
sion coefficients (β) and 95% confidence intervals (95% CI).
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Males and females were analysed separated and thus sex 
was not included as an adjustment in any model used. EFI is 
adjusted for sex and age against a reference population and 
so age was excluded as an adjustment from EFI statistical 
models.

Statistical significance was set at 5%.

Results

Demographics

The mean age of participants was 75.2 (SD 2.6) years for 
both males and females (Table 1). Males were significantly 

heavier [mean 82.4 kg (SD 11.9) vs. 70.1 kg (SD 11.6), 
p < 0.001] and taller [mean 173.0 cm (SD 6.2) vs. 159.1 cm 
(SD 5.5), p < 0.01] than females, though there was no sig-
nificant difference in BMI (p = 0.81). There were no signifi-
cant sex differences in the prevalence of clinical or radio-
graphic osteoarthritis at the knee [males 11 (7.6%) clinical, 
60 (43.2%) radiographic; females 12 (11.4%) clinical, 49 
(50.5%) radiographic] or radiographic osteoarthritis of the 
hip [males 67 (48.2%); females 37 (39.8%)]. Males con-
sumed more alcohol (median 7.2 units/week vs. 1.5 units/
week, p < 0.001) and were more likely to have ever smoked 
(p < 0.02).

Males had a significantly higher maximum relative 
power [mean 25.7 W/kg (SD 5.1) vs. 19.9 W/kg (SD 4.4), 

Table 1   Participant 
characteristics

Significant associations (p <0.05) are highlighted in bold
*Median (lower quartile, upper quartile)
a WOMAC pain score of 1 plus
b Diagnosed by clinical examination using ACR criteria
c Kellgren and Lawrence (K&L) grade ≥2
d N(%)

Mean (SD) Males (n = 144) Females (n = 105) p value

Age (years) 75.2 (2.4) 75.2 (2.6) 0.900
Height (cm) 173.0 (6.2) 159.1 (5.5) < 0.001
Weight (kg) 82.4 (11.9) 70.1 (11.6) < 0.001
BMI (kg/m2) 27.5 (3.8) 27.7 (4.4) 0.808
Smoking statusd

 Never 60 (41.7%) 63 (60.0%) 0.010
 Ex-smoker 78 (54.2%) 37 (35.2%)
 Current smoker 6 (4.2%) 5 (4.8%)
 Alcohol consumption (units/week)* 7.2 (1.9, 14.1) 1.5 (0.1, 4.8) < 0.001
 Activity time in last 2 weeks (min/day)* 200 (131–291) 208 (154–285) 0.619

Social class
 I-IIINM 64 (46.4%) 43 (41.0%) 0.399
 IIIM-V 74 (53.6%) 62 (59.0%)

WOMAC scoread

 WOMAC knee pain 37 (25.7%) 28 (26.7%) 0.863
 WOMAC hip pain 21 (14.6%) 18 (17.5%) 0.539476

Osteoarthritisd

 Clinical knee osteoarthritisb 11 (7.6%) 12 (11.4%) 0.308
 Clinical hip osteoarthritisb 2 (1.4%) 5 (4.8%) 0.137
 Clinical knee and hip osteoarthritisb 0 (0%) 0 (0%)
 Radiographic knee osteoarthritisbc 60 (43.2%) 49 (50.5%) 0.265
 Radiographic hip osteoarthritisbc 67 (48.2%) 37 (39.8%) 0.206
 Radiographic knee and hip osteoarthritisbc 31 (22.5%) 25 (26.9%) 0.442

Jumping mechanography
 Maximum total power during lift off (kW) 2.10 (0.45) 1.38 (0.31) < 0.001
 Maximum total power per body weight (W/kg) 25.7 (5.1) 19.9 (4.4) < 0.001
 Maximum total force during lift off (kN) 1.72 (0.30) 1.33 (0.22) < 0.001
 Maximum total force per body weight (N/kg) 21.0 (2.8) 19.1 (2.3) < 0.001
 Esslinger Fitness Index (EFI) 81.9 (15.8) 84.0 (18.1) 0.323
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p < 0.001] and maximum total force [21.0 N/kg (SD 2.8) vs. 
19.1 N/kg (SD 2.3), p < 0.001] during lift off than females. 
There was no significant sex difference for EFI [males 81.9% 
(SD 15.8) vs. females 84.0% (SD 18.1), p = 0.3]. Due to 
missing data, the total number of participants varied when 
examining some associations. These are documented in the 
‘N’ column for Tables 2, 3 and 4.

WOMAC Pain Scores

There was no significant difference between males and 
females for WOMAC knee pain or hip pain (25.7% males 
and 26.7% female, 14.6% males and 17.5% females; 
respectively).

Table 2   Osteoarthritis as an explanatory variable for maximum relative power during lift off per body weight for males and females, unadjusted 
and adjusted

Bold  values indicate p < 0.05
a Adjusted for age, height, social class, smoker status, alcohol consumption and activity time
b Adjusted for age, height, social class, smoker status, alcohol consumption, activity time and pain in the corresponding joint

N Regression coefficient 95% CI p-value N Regression coefficient 95% CI p-value
Males Unadjusted Adjusteda

Clinical knee OA 144 − 6.71 (− 9.68, − 3.75) < 0.001 128 − 6.00 (− 9.05, − 2.94) < 0.001

Unadjusted Adjustedb

Radiographic knee OA 139 − 1.44 (− 3.14, 0.27) 0.098 123 − 0.76 (− 2.47, 0.96) 0.383
Radiographic hip OA 139 0.16 (− 1.56, 1.87) 0.858 123 − 0.50 (− 2.33, 1.32) 0.587
Radiographic knee & hip OA 139 − 0.06 (− 2.12, 2.00) 0.954 123 − 0.01 (− 2.10, 2.07) 0.989

Females Unadjusted Adjusteda

Clinical knee OA 105 − 1.80 (− 4.45, 0.85) 0.180 97 − 2.19 (− 5.17, 0.80) 0.149

Unadjusted Adjustedb

Radiographic knee OA 97 − 2.66 (− 4.39, − 0.94) 0.003 89 − 2.02 (− 3.89, − 0.14) 0.035
Radiographic hip OA 93 0.48 (− 1.42, 2.37) 0.620 84 0.38 (− 1.72, 2.48) 0.719
Radiographic knee & hip OA 95 − 0.30 (− 2.37, 1.78) 0.776 86 − 0.02 (− 2.21, 2.17) 0.986

Table 3   Osteoarthritis as an explanatory variable for maximum total Esslinger Fitness Index during lift off per body weight for males and 
females, unadjusted and adjusted

Bold  values indicate p < 0.05
a Adjusted for height, social class, smoker status, alcohol consumption and activity time
b Adjusted for height, social class, smoker status, alcohol consumption, activity time and pain in the corresponding joint

N Regression coefficient 95% CI p-value N Regression coefficient 95% CI p-value
Males Unadjusted Adjusteda

Clinical knee OA 144 − 20.7 (− 29.90, − 11.50) < 0.001 128 − 19.33 (− 28.98, − 9.68) < 0.001

Unadjusted Adjustedb

Radiographic knee OA 139 − 4.52 (− 9.75, 0.70) 0.089 123 − 2.64 (− 8.06, 2.78) 0.336
Radiographic hip OA 139 0.34 (− 4.91, 5.60) 0.897 123 − 1.38 (− 7.17, 4.40) 0.637
Radiographic knee & hip 

OA
139 − 0.69 (− 6.99, 5.62) 0.830 123 0.02 (− 6.58, 6.62) 0.995

Females Unadjusted Adjusteda

Clinical knee OA 105 − 9.26 (− 20.20, 1.69) 0.097 97 − 9.06 (− 21.30, 3.18) 0.145

Unadjusted Adjustedb

Radiographic knee OA 97 − 10.2 (− 17.43, − 2.96) 0.006 89 − 8.17 (− 15.91, − 0.42) 0.039
Radiographic hip OA 93 2.50 (− 5.39, 10.40) 0.530 84 1.76 (− 6.96, 10.48) 0.689
Radiographic knee & hip 

OA
95 − 0.63 (− 9.27, 8.01) 0.885 86 − 0.05 (− 9.13, 9.03) 0.991
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Jumping Mechanography and Osteoarthritis

Maximum Relative Power

We found statistically significant negative associations 
between maximum relative power (W/kg) and clinical knee 
osteoarthritis in males [β − 6.71 (95% CI − 9.68, − 3.75) 
p < 0.01] and radiographic knee osteoarthritis in females [β 
− 2.66 (95% CI − 4.39, − 0.94) p ≤ 0.01] (Table 2). These 
associations remained significant after adjustment for age, 
height, social class, smoker status, alcohol consumption 
and physical activity and pain in the corresponding joint 
(for radiographic osteoarthritis).

No significant associations were seen between maxi-
mum relative power and clinical knee osteoarthritis in 
females [β − 1.80 (95% CI − 4.45, 0.85) p = 0.18] or radio-
graphic knee [β − 1.44 (95% CI − 3.14, 0.27) p = 0.01] or 
hip [β 0.16 (95% CI − 1.56, 1.87) p = 0.86] osteoarthritis 
in males, or radiographic hip osteoarthritis in females [β 
0.48 (95% CI − 1.42, 2.37) p = 0.62].

Esslinger Fitness Index (EFI)

Statistically significant negative associations were 
observed between EFI and clinical knee osteoarthritis in 
males [β − 20.7 (95% CI − 29.90, − 11.50) p < 0.001] and 
radiographic knee osteoarthritis in females [β − 10.2 (95% 

CI − 17.43, − 2.96) p < 0.01] (Table 3). These associations 
remained significant after adjustment.

Maximum Total Force

We observed a statistically significant negative association 
between maximum total force (N/kg) and radiographic knee 
osteoarthritis in females [β − 0.92 (95% CI − 1.82, − 0.01) 
p < 0.05], although this was non-significant after adjustment 
(Table 4). No other statistically significant associations were 
seen between maximum total force during lift off and osteo-
arthritis in males or females.

Adverse Effects

There were no adverse effects associated with the perfor-
mance of the two-footed jumping mechanography.

Discussion

In this population of elderly individuals, we found that 
maximal muscle power was negatively associated with 
clinical knee osteoarthritis in males and radiographic knee 
osteoarthritis in females. Muscle force was associated with 
radiographic knee osteoarthritis in females, although this 
was attenuated after adjustment. These findings, highlight 
the association between osteoarthritis and muscle power 

Table 4   Osteoarthritis as an explanatory variable for maximum total force during lift off per body weight for males and females, unadjusted and 
adjusted

Bold  value indicates p < 0.05
a Adjusted for age, height, social class, smoker status, alcohol consumption and activity time
b Adjusted for age, height, social class, smoker status, alcohol consumption, activity time and pain in the corresponding joint

N Regression coefficient 95% CI p-value N Regression coefficient 95% CI p-value
Males Unadjusted Adjusteda

Clinical knee OA 144 − 0.33 (− 2.08, 1.42) 0.710 128 − 0.46 (− 2.26, 1.35) 0.617

Unadjusted Adjustedb

Radiographic knee OA 139 − 0.75 (− 1.70, 0.21) 0.125 123 − 0.72 (− 1.74, 0.29) 0.159
Radiographic hip OA 139 0.28 (− 0.67, 1.24) 0.556 123 0.15 (− 0.90, 1.19) 0.784
Radiographic knee & hip OA 139 − 0.30 (− 1.44, 0.85) 0.607 123 − 0.50 (− 1.73, 0.72) 0.416

Females Unadjusted Adjusteda

Clinical knee OA 105 − 0.05 (− 1.44, 1.34) 0.948 97 − 0.58 (− 2.17, 1.01) 0.471

Unadjusted Adjustedb

Radiographic knee OA 97 − 0.92 (− 1.82, − 0.01) 0.048 89 − 0.95 (− 1.97, 0.06) 0.064
Radiographic hip OA 93 − 0.61 (− 1.57, 0.36) 0.214 84 − 0.47 (− 1.53, 0.58) 0.377
Radiographic knee & hip OA 95 − 0.77 (− 1.83, 0.29) 0.154 86 − 0.58 (− 1.74, 0.58) 0.325
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rather than force and are in agreement with previous studies 
[18–20].

The reason for the sex-discrepancy in relationship 
between osteoarthritis and muscle power could be due to 
differential pain processing between the sexes or due to ele-
ments of the American College of Rheumatology (ACR) 
criteria for osteoarthritis which affect the sexes differently.

For clarity, the ACR clinical classification criteria for 
osteoarthritis of the knee use pain in the knee combined with 
a least three elements of physical examination as detailed; 
aged > 50 years, < 30 min of morning stiffness, crepitus on 
active motion, bony tenderness, bony enlargement, no pal-
pable warmth of synovium. Although the above criteria were 
used in the current study, other ACR clinical classification 
criteria can include radiographic findings (including osteo-
phytes) or laboratory findings (including normal inflamma-
tory markers, rheumatoid factor or synovial fluid consistent 
with osteoarthritis).

The beta coefficients observed for EFI were higher than 
those for relative jumping power. This may be due to a 
reduction in the variance in EFI values as the index is cal-
culated relative to a age and sex-adjusted population.

The explosive nature of a maximal jump means jumping 
mechanography assesses the maximal speed of neuromus-
cular transmission and actin-myosin cross-bridge cycling, 
reflected in the measurement of muscle power. This is in 
contrast to measures of maximal force or strength meas-
ured using instruments such as dynamometers, where there 
is unlimited time for recruitment of motor units and optimal 
engagement of muscle filaments, which may therefore not 
detect slowing of these components. This slowing is well 
documented with regards to aging [21], and there is growing 
evidence of similar processes occurring in osteoarthritis [3]. 
This reinforces the importance of measures of muscle power 

which include velocity, to detect early changes in neuromus-
cular function.

Individuals with knee osteoarthritis have reduced proprio-
ceptive acuity and increased postural sway compared with 
healthy age- and sex-matched controls, potentially related 
to mechanoreceptor dysfunction secondary to joint damage 
[22] which may have impeded the ability to generate jump-
ing power.

In osteoarthritis, the recruitment of larger motor units has 
been reported, which may represent sprouting of collateral 
neurones to activate more muscle fibres, in an attempt to 
compensate for reduced nerve firing rates to preserve con-
tractile ability, which would result in a larger motor unit 
[23]. A similar process occurs during aging, and is proposed 
to enable preservation of maximal force, despite reductions 
in power [21]. Finally, intrinsic muscle properties take centre 
stage. In osteoarthritis, there is higher thigh muscle fat infil-
tration, inflammation and pro-fibrotic extracellular matrix, 
associated with reduced muscle strength [24, 25]. Vastus 
lateralis muscle biopsies from osteoarthritis patients have 
shown a reduction in muscle fibre size, especially apparent 
in fast-twitch type IIa fibres [26], along with reduced power 
and force production and slower cross-bridge kinetics [27]. 
There is also evidence of neurogenic muscle atrophy and 
denervation, in keeping with the arthrogenic muscle inhibi-
tion (AMI) mechanism [26]. These findings reflect the com-
plex and interconnected nature of the relationship between 
muscle weakness and osteoarthritis.

Inherent to the cross-sectional design of this study, 
temporal causation cannot be inferred, which brings into 
question whether reductions in muscle power are a result 
of osteoarthritic disease, or whether reductions in muscle 
power predispose to osteoarthritis. Potential sequences 
of events are shown in Fig. 1. If muscle weakness is a 
result of osteoarthritis, one explanation is limitation by 

Fig. 1   Proposed sequences of events for the relationship between muscle weakness and osteoarthritis, with either osteoarthritis-induced joint 
damage or pain, or muscle weakness as the initial insult
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pain, leading to muscle disuse. However, in this popula-
tion, WOMAC pain scores were low and the association of 
reduced muscle power with radiographic knee arthritis in 
females remained after adjustment for pain, as previously 
demonstrated [28]. The finding that reduced muscle power 
is associated with structural joint damage in females, 
which is not explained by pain, suggests another underly-
ing mechanism rather than muscle disuse. An alternative 
explanation could be that osteoarthritic joint damage could 
lead to overstimulation of mechanoreceptors, perhaps in 
the absence of clinical symptoms, as in the proposed AMI 
mechanism, eventually leading to reduced neural stimula-
tion of muscle, alterations in muscle innervation, composi-
tion, and weakness. This mechanism is supported by the 
widely reported poor correlation of radiographic osteoar-
thritis with clinical symptoms, meaning that joint damage 
can occur in the absence of pain, and vice versa [29, 30], 
though concordance has also been demonstrated [31].

Conversely, muscle weakness itself may be a risk factor 
for the development of osteoarthritis. Lower limb muscles 
stabilise the hip and knee joints, and provide cushioning, 
especially during phases of the gait which put mechani-
cal stress on the joint, acting as a shock absorber [32]. 
Therefore, muscle weakness could lead to excessive stress 
and abnormal loading on the joint, predisposing to the 
development of osteoarthritis. Several longitudinal studies 
have found that quadriceps muscle weakness increases the 
risk of developing radiographic knee osteoarthritis, usu-
ally only in females, which the authors attribute to females 
having a lower baseline muscle strength, so perturbations 
may lower strength below a threshold for developing oste-
oarthritis [33–35]. Indeed, a systematic review found knee 
extensor weakness conferred a 1.65-fold greater risk of 
developing symptomatic knee osteoarthritis, and a 1.85-
fold greater risk of developing radiographic knee osteoar-
thritis [36]. Overall, these findings warrant further longi-
tudinal investigation to elucidate the temporal relationship 
between quadriceps muscle weakness and osteoarthritis.

The strengths of this study include the use of jump-
ing mechanography, as a novel tool to provide a dynamic 
functional representation of muscle capability in osteoar-
thritis, incorporating multiple sensory systems. Addition-
ally, the Hertfordshire Cohort Study represents a detailed 
characterisation of community-dwelling older adults in 
the United Kingdom and measurements were carried out 
according to strict protocols by trained, epidemiological 
fieldworkers. Previous work has demonstrated that the 
cohort are representative of the wider UK population [12].

Potential limitations of this study include a possible 
healthy bias, as only those that were able or willing to 
jump could be included in the study. There was a relatively 
low prevalence of clinical hip osteoarthritis (2 males and 5 
females) preventing us from studying osteoarthritis at this 

site. Significant associations between female clinical hip 
osteoarthritis and relative jumping power and Esslinger fit-
ness index were found and a similar, non-significant trend 
was observed in males with osteoarthritis, however, (due 
to the low prevalence) these data are not shown.

In terms of the application of our findings, we have 
described the cross-sectional associations of jumping mech-
anography with knee and hip osteoarthritis in this cohort. 
If the clinical utility of jumping mechanography is to be 
tested and utilised, it is crucial that associations in other 
populations are investigated and longitudinal relationships 
explored. Muscle strengthening exercise is already recom-
mended in clinical guidelines worldwide [6–8], based on 
improvements in pain and function [37]. In people with 
osteoarthritis, intervention studies have found better func-
tional outcomes for high-velocity versus low-velocity train-
ing [38]. For clinical practice, our findings therefore sup-
port the benefit of physical exercise regimes which promote 
greater muscle power in osteoarthritis, namely high-velocity 
resistance training.

Conclusions

We have used a novel technique, jumping mechanography, to 
describe associations between the ability of muscles to gen-
erate force rapidly and clinical knee osteoarthritis in males 
and radiographic knee osteoarthritis in females. This high-
lights the potential role of muscle weakness in osteoarthritis, 
specifically the ability of muscle to generate force rapidly, 
represented by peak muscle power. Further investigation into 
muscle weakness as an aetiology or as a result of osteo-
arthritis are warranted, through longitudinal studies. These 
findings have clinical implications, suggesting high-velocity 
resistance training may be particularly beneficial in people 
with osteoarthritis, to improve muscle power.

Acknowledgements  The authors would like to thank the Medical 
Research Council, Dunhill Medical Trust, NIHR and Versus Arthritis 
for their support in completing this research. KW research supported 
by MRC Programme number U105960371.

Funding  ED has received honoraria from UCB and Pfizer. NRF has 
received travel support from Eli Lilly.

Compliance with Ethical Standards 

Human and Animal Rights and Informed Consent  The UK component 
of EPOSA had ethical approval from the Hertfordshire Research Ethics 
Committee, reference number 10/h0311/59, and all participants gave 
written, informed consent.

Conflict of interest  The authors have no relevant conflicts of interest 
to declare.



	 C. Shere et al.

1 3

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

	 1.	 Neogi T (2013) The epidemiology and impact of pain in oste-
oarthritis. Osteoarthr Cartil 21(9):1145–1153. https​://doi.
org/10.1016/j.joca.2013.03.018

	 2.	 Loeser RF, Goldring SR, Scanzello CR, Goldring MB (2012) 
Osteoarthritis: a disease of the joint as an organ. Arthritis 
Rheum 64(6):1697–1707. https​://doi.org/10.1002/art.34453​

	 3.	 de Zwart AH, Dekker J, Lems W, Roorda LD, van der Esch 
M, van der Leeden M (2018) Factors associated with upper 
leg muscle strength in knee osteoarthritis: a scoping review. 
J Rehabil Med 50(2):140–150. https​://doi.org/10.2340/16501​
977-2284

	 4.	 van der Esch M, Holla JF, van der Leeden M, Knol DL, Lems 
WF, Roorda LD, Dekker J (2014) Decrease of muscle strength 
is associated with increase of activity limitations in early knee 
osteoarthritis: 3-year results from the cohort hip and cohort knee 
study. Arch Phys Med Rehabil 95(10):1962–1968. https​://doi.
org/10.1016/j.apmr.2014.06.007

	 5.	 Loureiro A, Mills PM, Barrett RS (2013) Muscle weakness in hip 
osteoarthritis: a systematic review. Arthritis Care Res (Hoboken) 
65(3):340–352. https​://doi.org/10.1002/acr.21806​

	 6.	 NICE (2014) Osteoarthritis: care and management CG177. 
National Institute for Health and Clinical Excellence, London

	 7.	 Fernandes L, Hagen KB, Bijlsma JW, Andreassen O, Christensen 
P, Conaghan PG, Doherty M, Geenen R, Hammond A, Kjeken I, 
Lohmander LS, Lund H, Mallen CD, Nava T, Oliver S, Pavelka K, 
Pitsillidou I, da Silva JA, de la Torre J, Zanoli G, Vliet Vlieland 
TP (2013) EULAR recommendations for the non-pharmacological 
core management of hip and knee osteoarthritis. Ann Rheum Dis 
72(7):1125–1135. https​://doi.org/10.1136/annrh​eumdi​s-2012-
20274​5

	 8.	 McAlindon TE, Bannuru RR, Sullivan MC, Arden NK, Beren-
baum F, Bierma-Zeinstra SM, Hawker GA, Henrotin Y, Hunter 
DJ, Kawaguchi H, Kwoh K, Lohmander S, Rannou F, Roos EM, 
Underwood M (2014) OARSI guidelines for the non-surgical 
management of knee osteoarthritis. Osteoarthr Cartil 22(3):363–
388. https​://doi.org/10.1016/j.joca.2014.01.003

	 9.	 Buehring B, Krueger D, Fidler E, Gangnon R, Heiderscheit B, 
Binkley N (2015) Reproducibility of jumping mechanography 
and traditional measures of physical and muscle function in older 
adults. Osteoporos Int 26(2):819–825. https​://doi.org/10.1007/
s0019​8-014-2983-z

	10.	 Siglinsky E, Krueger D, Ward RE, Caserotti P, Strotmeyer ES, 
Harris TB, Binkley N, Buehring B (2015) Effect of age and sex 
on jumping mechanography and other measures of muscle mass 
and function. J Musculoskelet Neuronal Interact 15(4):301–308

	11.	 Hannam K, Hartley A, Clark EM, Aihie Sayer A, Tobias JH, 
Gregson CL (2017) Feasibility and acceptability of using jump-
ing mechanography to detect early components of sarcopenia in 
community-dwelling older women. J Musculoskelet Neuronal 
Interact 17(3):246–257

	12.	 Syddall HE, Aihie Sayer A, Dennison EM, Martin HJ, Barker DJ, 
Cooper C (2005) Cohort profile: the Hertfordshire cohort study. 

Int J Epidemiol 34(6):1234–1242. https​://doi.org/10.1093/ije/
dyi12​7

	13.	 Syddall HE, Simmonds SJ, Carter SA, Robinson SM, Dennison 
EM, Cooper C (2019) The Hertfordshire cohort study: an over-
view. F1000Research 8:82. https​://doi.org/10.12688​/f1000​resea​
rch.17457​.1

	14.	 van der Pas S, Castell MV, Cooper C, Denkinger M, Dennison 
EM, Edwards MH, Herbolsheimer F, Limongi F, Lips P, Maggi 
S, Nasell H, Nikolaus T, Otero A, Pedersen NL, Peter R, Sanchez-
Martinez M, Schaap LA, Zambon S, van Schoor NM, Deeg DJ 
(2013) European project on osteoarthritis: design of a six-cohort 
study on the personal and societal burden of osteoarthritis in an 
older European population. BMC Musculoskelet Disord 14:138. 
https​://doi.org/10.1186/1471-2474-14-138

	15.	 Bellamy N, Buchanan WW, Goldsmith CH, Campbell J, Stitt LW 
(1988) Validation study of WOMAC: a health status instrument 
for measuring clinically important patient relevant outcomes to 
antirheumatic drug therapy in patients with osteoarthritis of the 
hip or knee. J Rheumatol 15(12):1833–1840

	16.	 Altman R, Asch E, Bloch D, Bole G, Borenstein D, Brandt K, 
Christy W, Cooke TD, Greenwald R, Hochberg M et al (1986) 
Development of criteria for the classification and reporting of 
osteoarthritis. Classification of osteoarthritis of the knee. Diag-
nostic and Therapeutic Criteria Committee of the American Rheu-
matism Association. Arthritis Rheum 29(8):1039–1049

	17.	 Kellgren JH, Lawrence JS (1957) Radiological assessment of 
osteo-arthrosis. Ann Rheum Dis 16(4):494–502

	18.	 Accettura AJ, Brenneman EC, Stratford PW, Maly MR (2015) 
Knee extensor power relates to mobility performance in peo-
ple with knee osteoarthritis: cross-sectional analysis. Phys Ther 
95(7):989–995. https​://doi.org/10.2522/ptj.20140​360

	19.	 Tevald MA, Murray AM, Luc B, Lai K, Sohn D, Pietrosimone B 
(2016) The contribution of leg press and knee extension strength 
and power to physical function in people with knee osteoarthri-
tis: a cross-sectional study. Knee 23(6):942–949. https​://doi.
org/10.1016/j.knee.2016.08.010

	20.	 Bieler T, Magnusson SP, Christensen HE, Kjaer M, Beyer N 
(2017) Muscle power is an important measure to detect deficits 
in muscle function in hip osteoarthritis: a cross-sectional study. 
Disabil Rehabil 39(14):1414–1421. https​://doi.org/10.1080/09638​
288.2016.11984​26

	21.	 McKinnon NB, Connelly DM, Rice CL, Hunter SW, Doherty TJ 
(2017) Neuromuscular contributions to the age-related reduction 
in muscle power: mechanisms and potential role of high veloc-
ity power training. Ageing Res Rev 35:147–154. https​://doi.
org/10.1016/j.arr.2016.09.003

	22.	 Hassan BS, Mockett S, Doherty M (2001) Static postural sway, 
proprioception, and maximal voluntary quadriceps contraction in 
patients with knee osteoarthritis and normal control subjects. Ann 
Rheum Dis 60(6):612–618

	23.	 Berger MJ, Chess DG, Doherty TJ (2011) Vastus medialis motor 
unit properties in knee osteoarthritis. BMC Musculoskelet Disord 
12:199. https​://doi.org/10.1186/1471-2474-12-199

	24.	 Kumar D, Karampinos DC, MacLeod TD, Lin W, Nardo L, Li 
X, Link TM, Majumdar S, Souza RB (2014) Quadriceps intra-
muscular fat fraction rather than muscle size is associated with 
knee osteoarthritis. Osteoarthr Cartil 22(2):226–234. https​://doi.
org/10.1016/j.joca.2013.12.005

	25.	 Levinger I, Levinger P, Trenerry MK, Feller JA, Bartlett JR, Berg-
man N, McKenna MJ, Cameron-Smith D (2011) Increased inflam-
matory cytokine expression in the vastus lateralis of patients with 
knee osteoarthritis. Arthritis Rheum 63(5):1343–1348. https​://doi.
org/10.1002/art.30287​

	26.	 Fink B, Egl M, Singer J, Fuerst M, Bubenheim M, Neuen-
Jacob E (2007) Morphologic changes in the vastus medialis 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.joca.2013.03.018
https://doi.org/10.1016/j.joca.2013.03.018
https://doi.org/10.1002/art.34453
https://doi.org/10.2340/16501977-2284
https://doi.org/10.2340/16501977-2284
https://doi.org/10.1016/j.apmr.2014.06.007
https://doi.org/10.1016/j.apmr.2014.06.007
https://doi.org/10.1002/acr.21806
https://doi.org/10.1136/annrheumdis-2012-202745
https://doi.org/10.1136/annrheumdis-2012-202745
https://doi.org/10.1016/j.joca.2014.01.003
https://doi.org/10.1007/s00198-014-2983-z
https://doi.org/10.1007/s00198-014-2983-z
https://doi.org/10.1093/ije/dyi127
https://doi.org/10.1093/ije/dyi127
https://doi.org/10.12688/f1000research.17457.1
https://doi.org/10.12688/f1000research.17457.1
https://doi.org/10.1186/1471-2474-14-138
https://doi.org/10.2522/ptj.20140360
https://doi.org/10.1016/j.knee.2016.08.010
https://doi.org/10.1016/j.knee.2016.08.010
https://doi.org/10.1080/09638288.2016.1198426
https://doi.org/10.1080/09638288.2016.1198426
https://doi.org/10.1016/j.arr.2016.09.003
https://doi.org/10.1016/j.arr.2016.09.003
https://doi.org/10.1186/1471-2474-12-199
https://doi.org/10.1016/j.joca.2013.12.005
https://doi.org/10.1016/j.joca.2013.12.005
https://doi.org/10.1002/art.30287
https://doi.org/10.1002/art.30287


Jumping Joints: The Complex Relationship Between Osteoarthritis and Jumping Mechanography﻿	

1 3

muscle in patients with osteoarthritis of the knee. Arthritis Rheum 
56(11):3626–3633. https​://doi.org/10.1002/art.22960​

	27.	 Callahan DM, Miller MS, Sweeny AP, Tourville TW, Slauterbeck 
JR, Savage PD, Maugan DW, Ades PA, Beynnon BD, Toth MJ 
(2014) Muscle disuse alters skeletal muscle contractile function 
at the molecular and cellular levels in older adult humans in a 
sex-specific manner. J Physiol 592(20):4555–4573. https​://doi.
org/10.1113/jphys​iol.2014.27903​4

	28.	 Slemenda C, Brandt KD, Heilman DK, Mazzuca S, Braunstein 
EM, Katz BP, Wolinsky FD (1997) Quadriceps weakness and 
osteoarthritis of the knee. Ann Intern Med 127(2):97–104

	29.	 Bedson J, Croft PR (2008) The discordance between clinical and 
radiographic knee osteoarthritis: a systematic search and summary 
of the literature. BMC Musculoskelet Disord 9:116. https​://doi.
org/10.1186/1471-2474-9-116

	30.	 Parsons C, Clynes M, Syddall H, Jagannath D, Litwic A, van 
der Pas S, Cooper C, Dennison EM, Edwards MH (2015) How 
well do radiographic, clinical and self-reported diagnoses of knee 
osteoarthritis agree? Findings from the Hertfordshire cohort study. 
Springerplus 4:177. https​://doi.org/10.1186/s4006​4-015-0949-z

	31.	 Parsons C, Fuggle NR, Edwards MH, Goulston L, Litwic AE, 
Jagannath D, van der Pas S, Cooper C, Dennison EM (2018) 
Concordance between clinical and radiographic evaluations of 
knee osteoarthritis. Aging Clin Exp Res 30(1):17–25. https​://doi.
org/10.1007/s4052​0-017-0847-z

	32.	 Murray AM, Thomas AC, Armstrong CW, Pietrosimone BG, 
Tevald MA (2015) The associations between quadriceps muscle 
strength, power, and knee joint mechanics in knee osteoarthritis: a 
cross-sectional study. Clin Biomech (Bristol, Avon) 30(10):1140–
1145. https​://doi.org/10.1016/j.clinb​iomec​h.2015.08.012

	33.	 Slemenda C, Heilman DK, Brandt KD, Katz BP, Mazzuca SA, 
Braunstein EM, Byrd D (1998) Reduced quadriceps strength rela-
tive to body weight: a risk factor for knee osteoarthritis in women? 

Arthritis Rheum 41(11):1951–1959. https​://doi.org/10.1002/1529-
0131(19981​1)41:11%3c195​1:aid-art9%3e3.0.co;2-9

	34.	 Segal NA, Glass NA, Torner J, Yang M, Felson DT, Sharma L, 
Nevitt M, Lewis CE (2010) Quadriceps weakness predicts risk 
for knee joint space narrowing in women in the MOST cohort. 
Osteoarthr Cartil 18(6):769–775. https​://doi.org/10.1016/j.
joca.2010.02.002

	35.	 Takagi S, Omori G, Koga H, Endo K, Koga Y, Nawata A, Endo N 
(2018) Quadriceps muscle weakness is related to increased risk of 
radiographic knee OA but not its progression in both women and 
men: the Matsudai Knee Osteoarthritis Survey. Knee Surg Sports 
Traumatol Arthrosc 26(9):2607–2614. https​://doi.org/10.1007/
s0016​7-017-4551-5

	36.	 Oiestad BE, Juhl CB, Eitzen I, Thorlund JB (2015) Knee extensor 
muscle weakness is a risk factor for development of knee osteoar-
thritis. A systematic review and meta-analysis. Osteoarthr Cartil 
23(2):171–177. https​://doi.org/10.1016/j.joca.2014.10.008

	37.	 Fransen M, McConnell S, Harmer AR, Van der Esch M, Simic 
M, Bennell KL (2015) Exercise for osteoarthritis of the knee: a 
Cochrane systematic review. Br J Sports Med 49(24):1554–1557. 
https​://doi.org/10.1136/bjspo​rts-2015-09542​4

	38.	 Fukumoto Y, Tateuchi H, Ikezoe T, Tsukagoshi R, Akiyama H, 
So K, Kuroda Y, Ichihashi N (2014) Effects of high-velocity 
resistance training on muscle function, muscle properties, and 
physical performance in individuals with hip osteoarthritis: a ran-
domized controlled trial. Clin Rehabil 28(1):48–58. https​://doi.
org/10.1177/02692​15513​49216​1

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/art.22960
https://doi.org/10.1113/jphysiol.2014.279034
https://doi.org/10.1113/jphysiol.2014.279034
https://doi.org/10.1186/1471-2474-9-116
https://doi.org/10.1186/1471-2474-9-116
https://doi.org/10.1186/s40064-015-0949-z
https://doi.org/10.1007/s40520-017-0847-z
https://doi.org/10.1007/s40520-017-0847-z
https://doi.org/10.1016/j.clinbiomech.2015.08.012
https://doi.org/10.1002/1529-0131(199811)41:11%3c1951:aid-art9%3e3.0.co;2-9
https://doi.org/10.1002/1529-0131(199811)41:11%3c1951:aid-art9%3e3.0.co;2-9
https://doi.org/10.1016/j.joca.2010.02.002
https://doi.org/10.1016/j.joca.2010.02.002
https://doi.org/10.1007/s00167-017-4551-5
https://doi.org/10.1007/s00167-017-4551-5
https://doi.org/10.1016/j.joca.2014.10.008
https://doi.org/10.1136/bjsports-2015-095424
https://doi.org/10.1177/0269215513492161
https://doi.org/10.1177/0269215513492161

	Jumping Joints: The Complex Relationship Between Osteoarthritis and Jumping Mechanography
	Abstract
	Introduction
	Methods
	Statistical Methods

	Results
	Demographics
	WOMAC Pain Scores
	Jumping Mechanography and Osteoarthritis
	Maximum Relative Power
	Esslinger Fitness Index (EFI)
	Maximum Total Force
	Adverse Effects


	Discussion
	Conclusions
	Acknowledgements 
	References




