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Background  

Knee osteoarthritis  
Osteoarthritis is the most common joint disorder in the world.1 In western 
countries, radiographic evidence of this disease is present in the majority of 
persons who are at least 65 years old, and in about 80 percent of persons more 
than 75 years of age.2 Up to 44% of subjects who were 80 years old or more 
were reported to suffer from osteoarthritis in at least one knee.3 In people aged 
65 and over, problems with mobility are more often caused by knee 
osteoarthritis than by any other medical condition.4 Even when corrected for 
the ageing of the population, and for obesity, the incidence of knee 
osteoarthritis is on the rise.5  
 

 
 

Figure 1. Knee osteoarthritis with narrowing of the medial joint space (arrow) 
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Osteoarthritis is a degenerative disorder of the articular cartilage, with 
activity of pro-inflammatory cytokines in the synovia, upregulation of synovial 
macrophages and osteoclasts, progressive destruction of joint cartilage,6 a 
narrowing of the joint space7 (Figure 1), and hypertrophic changes in the 
bone.8 Narrowing of the joint space is a major component of the commonly 
used Kellgren and Lawrence grading system (0-4) for knee osteoarthritis.9 
Knee osteoarthritis may be a long-term complication of an early trauma,10 but 
after successful treatment of the trauma, osteoarthritis does not necessarily 
follow,11 and knee osteoarthritis often arises without preceding major trauma. 
Knee osteoarthritis is an inflammatory condition, with increased serum levels 
of leptin,12 which may work through stimulating the activity of matrix 
metalloproteinases.13 In the past, knee osteoarthritis was thought to be a 
mechanical, local disease, but recent insights lead to the conclusion that it may 
be part of metabolic dyshomeostasis,14 with upregulation of innate immunity15 
and chronic low-grade inflammation.16 The far majority of knee osteoarthritis 
patients have one or more forms of co-morbidity,17 such as type 2 diabetes, 
cardiovascular disease, or depression, all known for increased inflammatory 
activity. This multidimensionality renders it difficult to know which aspects of 
the patient’s health are due to osteoarthritis and which to co-morbidity. 

The American College of Rheumatology developed a classification of 
knee osteoarthritis that uses a mix of objective and subjective signs and 
symptoms.18 This classification (Figure 2) was reported to correlate with the 
degree of cartilage damage.19 The most important subjective symptom is pain 
upon loading of the knee. This pain ranges from mild to excruciating. Some of 
the participants in our studies told us that the pain may be as if you are 
“standing on your own tooth ache.” Moreover, patients have trouble in 
performing their normal daily activities.20 For instance, they walk slower than 
healthy peers. It is difficult to disentangle such a symptom from the effects of 
co-morbidity, since also co-morbidities, such as cardiovascular, gastrointestinal, 
or neuropsychiatric diseases, are known to slow down walking.21 Knee 
osteoarthritis leads to a considerable reduction of quality of life,4 and involves 
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high costs to society.22,23 Also, quite possibly because of the high prevalence of 
co-morbidity, patients with knee osteoarthritis have a higher risk of death than 
their healthy peers.24 
 

 Knee pain for the most days of prior month 

 Radiographic osteophytes at the joint margins 

 Plus one of the following: 

1.  Crepitus on active joint motion 

2.  Morning stiffness of the knee < 30 minutes duration  

3. Age > 38 years 

 
Figure 2. American College of Rheumatology clinical and radiographic 
classification criteria for osteoarthritis of the knee (all criteria are yes/no) 

 
 
Treatment 
Treatment is conservative or surgical.  
 
Conservative treatment options 
It is generally recommended to combine pharmacological and non-
pharmacological treatment for knee osteoarthritis.25 International guidelines 
suggest that patients should be well informed about the disease, regularly 
contacted by health care professionals, and advised about footwear.25,26 In the 
present literature, there is no doubt that exercise and weight loss are beneficial 
in terms of both pain and function.26-30 Moreover, there is some evidence that 
referral to a physiotherapist may help, not only in guiding exercise, but also in 
using adjunct treatments, such as therapeutic heat or cold, transcutaneous 
electrical nerve stimulation (TENS), acupuncture, the use of a knee brace, or 
the advice to use walking aids.25 

Pharmacologically, there is a wide range of drugs that can be 
administered orally, in a gel, or per injection. All analgesic drugs have adverse 
effects,25 and the different classes are usually tried in climbing order of risk, i.e., 
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paracetamol, NSAIDs, capsaicin, corticosteroid injections, and opioids or 
other narcotic analgesics (as listed in Zhang et al.,25 cf.31,32). All these were 
reported to relieve pain, but their effect is usually short-term only, and long-
term use is not recommended. Finally, some substances may stimulate the 
physiological reconstruction of cartilage, i.e., hyaluronate, glucosamine, and 
chondroitin sulphate. A recent meta-analysis suggested that intra-articular 
injections with hyaluronic acid reduced pain more than the usual analgesics, 
and that the effect lasted for about half a year.33 Glucosamine and chondroitin 
sulphate are possibly effective in patients with moderate to severe pain,34 but 
the study in question invited a host of comments (e.g.,35-37), and, clearly, 
debates are still ongoing. Finally, new biological approaches to treatment may 
be on their way,38 knowledge of the molecular biology of osteoarthritis is 
growing (e.g.,39), and developments in tissue engineering appear to be 
promising (e.g.,40). 
 
Surgical options. 
Several options exist for surgical intervention in knee osteoarthritis. In a recent 
Cochrane review, knee lavage, i.e., washing the joint space during arthroscopy, 
was not shown to be effective.41 In arthroscopic debridement, necrotic tissue 
and foreign material are removed. Also for arthroscopic debridement, no 
relevant benefits for the patients could be found.42 

Open surgery is, clearly, more invasive than arthroscopy. Moreover, 
studies tend to have the disadvantage of lacking untreated or conservatively 
treated control groups.43 Still, the consensus among professionals is that open 
surgery is the treatment of choice in severe knee osteoarthritis when 
conservative options have been exhausted.25 In tibial osteotomy, a wedge is 
removed from the tibia, thereby correcting alignment, and relieving the 
pressure from the most affected compartment of the knee. Thus, medial knee 
osteoarthritis may require valgus tibial osteotomy, and lateral knee 
osteoarthritis varus tibial osteotomy. A review on valgus high tibial osteotomy 
for medial knee osteoarthritis reported a post-operative decrease of pain and 
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improvement in function.44 Tibial osteotomy is usually considered for patients 
younger than 55 years only.45 Knee replacement surgery (Figure 3) was 
developed more than half a century ago. To date, knee replacement appears to 
be the treatment of choice in end stage osteoarthritis in subjects older than 55 
years, with severe pain and/or functional problems.46 In general, the literature 
has not revealed any relative advantage of its different variations, i.e., mobile 
versus fixed bearing,47 sparing or retaining the posterior cruciate ligament,48 the 
use of posterior stabilization,49 patellar resurfacing,50,51 or autologous cartilage 
implantation.52 However, there are exceptions to this pattern. A recent meta-
analysis revealed that unicompartmental (medial) knee arthroplasty had better 
clinical effects in patients with moderate osteoarthritis than high tibial 
osteotomy 5 to 8 years post-operatively.53 In a randomized comparison of total 
versus unicompartmental knee arthroplasty, unicompartmental arthroplasty 
had retained its advantages over total knee arthroplasty 15 years after the 
operation.54 Moreover, unicompartmental knee arthroplasty lends itself easily 
to minimally invasive surgery, which was shown to have advantages in terms of 
post-operative pain and function when compared to more traditional 
techniques.55 

Unfortunately, it remains unclear when exactly orthopaedic surgeons 
decide to recommend knee replacement surgery.56 Moreover, patients tend to 
be over-optimistic about the functional results of knee replacement,57 which 
are, in fact, less than those of total hip replacement.25 
  



15

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Total knee arthroplasty in anterioposterior (left) and lateral (right) view 
 
 
Walking speed 
A large number of measurement instruments have been developed to assess 
knee-related health.58-60 Such instruments at least evaluate pain and function, 
which is measured subjectively, that is, through questionnaires, and/or 
objectively, using performance tests.57,61-63 Our main focus was on walking, 
which is a fundamental activity of daily life. 

Knee osteoarthritis patients tend to walk slower,64 which implies that 
they will be able to do less in any single day. In addition, decreasing speed or 
mobility may induce a vicious cycle of reduced physical activity and 
deconditioning that has a negative effect on health and survival.65 
Unfortunately, the literature so far is insufficiently clear on the walking speed 
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effects of knee osteoarthritis. How slow do patients actually walk? Do patients 
recover to level of healthy peers after knee arthroplasty? 

Knee arthroplasty improves function,46 but patients may expect such 
functional recovery to occur earlier than it usually does,57 and it is important to 
distinguish three different phases in functional recovery. First, different 
subjects respond differently to the impact of the operation, and the initial 
speed of recovery will be different in different subjects. “Rapid recovery” 
programmes have been developed to increase recovery speed.66,67 After the 
patient’s recovery from the operation, functional variables are expected to 
improve beyond their pre-operative levels, with a peak around 1 year post-
operatively68 (cf.69). Patient function may remain at this plateau for a few years, 
but eventually, decline may set in.68 For walking speed, this general pattern 
leads to expecting differential recovery after the operation, a peak after about 1 
year, and then, possibly, decline. Recent literature suggests that such a decline 
may be related to the patient’s general health. 

Over the last few years, comfortable walking speed turned out to have 
rather general relevance in the elderly population. In elderly subjects, a 
decrease in comfortable walking speed may be a sign of incident morbidity,70 or 
even impending death.71-74 Walking speed, like blood pressure, can be used as a 
predictor of future problems, and reflects various underlying physiological 
processes.75,76 Improvement of walking speed predicts better survival,77 and a 
decline of walking speed is an important sign for health professionals, showing 
that more detailed diagnosis, and maybe treatment, are needed.78-80 

The study of walking speed to better understand functional problems 
in knee osteoarthritis, or to monitor patients after knee arthroplasty, is not 
without problems. Many different kinds of walk test exist, and the 
methodology of measuring walking speed probably has a major impact on the 
results of the test.81 Moreover, if walking speed is indeed related to different 
forms of morbidity, studies on walking speed should include detailed 
information on the health of the patients. 
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Falling 
Fall injuries are a leading cause of death in elderly subjects,82 and entail a major 
financial burden for society.83 About one third of community-dwelling subjects 
who are 65 years old or more, fall at least once a year.84,85 Disability of the 
lower extremity and lower extremity arthritis are known to be risk factors for 
falls.84,86 Swinkels and her colleagues87 followed knee osteoarthritis patients 
from three months pre-operatively until one year after the operation; around 
24% of the patients fell, on average 1.8 times, in the three months before 
arthroplasty, which decreased to 12% in each of the four post-operative 
quarters, with, on average, 0.9 falls per faller per quarter. In another study, 48% 
of knee osteoarthritis patients reported to have fallen at least once in the year 
before knee arthroplasty.88 Subjects usually fall during walking, and the focus 
of the present thesis is not only on walking speed, but also on aspects of 
walking that may be related to fall risk and/or strategies to prevent falling. 
 People may fall in the context of an episode of buckling (“giving way”) 
of the knee. In a cross-sectional study of community-dwelling, middle-aged 
and older adults, 12% of the participants reported at least one episode of 
buckling in the last three months, half of whom had radiologically confirmed 
knee osteoarthritis. Buckling was independently associated with pain and with 
quadriceps weakness. Of those who reported knee buckling, about 13% fell 
during the episode.89 Subjects may also fall when they fail to regain balance 
after tripping over an obstacle.90 Maximum isometric push-off force in a leg 
press was found to be the best measure to identify those who fell after tripping. 
In a very simple, robotic model, a “passive dynamic walker”, only frontal plane 
movements needed to be controlled in order not to fall.91,92 Moreover, in 
human subjects, it was reported that mediolateral visual93 and mechanical94,95 
perturbations affect gait more than anterior-posterior perturbations. 
 To the best of our knowledge, there is no generally accepted 
classification of modes of falling, and the above can only serve as a few 
examples of the problems for patients with knee osteoarthritis during walking. 
It is an interesting question if kinematic properties of walking can predict the 
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risk of falling, and if so, what are the mechanisms involved. Sagittal plane knee 
movements and frontal plane trunk movements are obvious candidates to 
study. Increased gait variability has been associated with an increased risk of 
falling in elderly subjects.96,97 Stride-to-stride variability in the control of gait is 
known to be a predictor of falling,96,97 and it may be reduced to prevent 
falling.98 Moreover, there is a growing literature on the possible relevance of 
the Lyapunov exponent to assess movement stability.99-102 The Lyapunov 
exponent has been used to evaluate kinematic stability in patient groups.103,104 
 Finally, to better understand the role of frontal plane trunk movements 
in the causation or prevention of falling, the concept of a “margin of stability” 
may be used.105,106 If a subject is standing on two legs, the projection of the 
centre of mass should fall within the base of support, in this case, the contact 
areas of both feet with the ground, plus the area in between. For dynamic 
situations, Hof and his colleagues have proposed to use the extrapolated 
projection of the centre of mass by adding a linear function of its velocity. The 
minimum distance of this extrapolated centre of mass position to the 
boundaries of the base of support is then calculated, which should be positive. 
Patients with knee osteoarthritis may lean over in the frontal plane with their 
trunk,107 which would negatively affect this margin of stability. On the other 
hand, patients may also shift their body weight more rapidly to the support 
leg,108 which will reveal itself as a change in relative timing, but not in a spatial 
change of frontal plane trunk movements. 
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General aims and questions of the present thesis 
The present thesis can only add a few pieces to the unfolding mosaic of our 
understanding of walking with knee osteoarthritis. The thesis aims to better 
understand walking speed in osteoarthritis before and after knee arthroplasty, 
and to gain knowledge about which aspects of gait in knee osteoarthritis 
contribute to instability and to the risk of falling. 

The main question in Chapter 2 is if walking speed is indeed slower in 
conservatively treated knee osteoarthritis patients than in controls, and which 
factors can be identified that co-determine walking speed. The study of 
Chapter 2 contains a meta-analysis of published comparisons of walking speed 
in knee osteoarthritis patients and in healthy controls, and a meta-regression 
analysis of factors that contribute to walking speed. 

In Chapter 3, the question is asked if knee arthroplasty systematically 
improves walking speed, and which factors contribute to the pattern of 
recovery or eventual decline. A meta-analysis was performed of pre-post 
arthroplasty comparisons of walking speed, and meta-regression analysis was 
used in an attempt to identify co-determinants. 

If a post-arthroplasty decline of walking speed is to be used as a 
predictor of a decrease in general health, this would presuppose sufficient long-
term reliability / stability of walking speed. In Chapter 4, the long-term 
reliability / stability of walking speed and several other objective and subjective 
measures to assess function before and after knee arthroplasty was determined. 
A group of patients was followed from before, until 2.5 years after knee 
arthroplasty, and compared to healthy peers. 

The fall risk of knee osteoarthritis patients may be related to bucking of 
the knee. The main question in Chapter 5 is if aspects of knee kinematics 
during gait reveal instability or contribute to fall risk. Knee osteoarthritis 
patients, waitlisted for knee arthroplasty, walked on a treadmill at different 
speeds, with a follow-up 1 year after the operation, and a comparison to 
healthy peers. The self-reported number of falls was registered, and kinematic 
stability and variability of sagittal plane knee movements were measured.  
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In Chapter 6, the question was if trunk movements during gait reveal instability 
or contribute to fall risk, and which strategies patients use to control balance. 
Knee osteoarthritis patients were compared to healthy peers as well as young 
controls. Again, the self-reported number of falls was registered. The 
maximum knee extension moment was determined. Subjects walked on a 
treadmill, and their trunk and leg movements were registered opto-
electronically.  

Chapter 7 elaborates on some of the presently relevant issues in the 
study of walking with knee osteoarthritis, summarizes the answers to the 
questions of the studies of Chapters 2-6, and attempts to indicate some new 
directions for research. 
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Abstract 
Patients with knee osteoarthritis walk slower than their healthy peers. But then, 
many other subject characteristics may affect walking speed, and also walk-test 
methodology is known to have a major impact. In the present study, a meta-
analysis was performed of published walking speed differences between groups 
of knee osteoarthritis patients and controls. Meta-regression was used to 
examine in how far subject characteristics and methodology contributed 
significantly to the variance of effect-sizes. Patients walked on average 1.08 
m/s, controls 1.25 m/s, with an effect-size of about 1. In other words, patients 
walked 1 standard-deviation slower than controls. Within-study variance, 
however, was only 20%, with 80% between-study variance. Thus, the reported 
effect-size is ballpark only, far from a precise estimate. The age difference 
between patients and controls, the severity of the knee osteoarthritis, and the 
number of co-morbid conditions, together accounted for 36% of the between-
study variance, that is, 28% of the total variance. These results can be used to 
improve future studies, i.e., matching for age, and registering disease severity as 
well as number of co-morbid conditions. More research will be needed to 
assess how much of the remaining 52% unexplained variance is due to 
methodology, other subject characteristics, or their interaction. 
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Introduction 
Knee osteoarthritis is a disorder with considerable prevalence, up to 44% for 
subjects over 80 years old.1 Because of the ageing of the population, the 
incidence of knee osteoarthritis is on the rise. Knee osteoarthritis has a major 
negative impact on function,2 and involves high costs to society.3,4 Clearly, it is 
important, both to the individual patient and to society at large, to better 
understand functional problems in knee osteoarthritis. 
People with knee osteoarthritis walk slower than their healthy peers.5 But then, 
so do the elderly,6 or pregnant women,7 obese subjects,8 the socio-economically 
disadvantaged,9 people with fear of falling,10 or those who are depressed,11 
people with poor proprioception,12 and patients with inflammatory disorders.13 
To mention just a few examples. 

Ultimately, one would want to understand the physiology of walking 
speed, all the way from tissue damage and inflammation mediators,14 through 
the nervous system, to pain15 and sickness behaviour.16 Still, to date, even the 
assessment of comfortable or self-selected walking speed in knee osteoarthritis 
is rendered difficult by the fact that so many factors are involved, i.e., the 
problem of between-subject heterogeneity. On the one hand, the interpretation 
of group studies comparing walking speed in knee osteoarthritis with that of 
controls, is hampered by the multitude of factors that may play a role. On the 
other hand, these very group studies are needed to identify the underlying 
mechanisms. 

In knee osteoarthritis, the test-retest reliability of the accelerometric 
DynaPort™ KneeTest was found to be high, with an IntraClass Correlation 
(ICC) of 0.90 or higher,17,18 and in a variety of diseases, similar ICCs were 
reported for walking speed.19-22 Thus, it is possible to monitor walking speed in 
individual patients, that is, as long as the same methodology is used. 
Unfortunately, however, walk-test methodology appears to have a major 
systematic impact on measured walking speed. In a review of walking speed 
studies, Graham et al.,23,24 found a large range of reported values, and 
emphasized the importance of methodological factors, arguing that even 
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"subtle differences in ... instructions" (p. 870)24 will affect walking speed. 
Analysing twin pairs, Pajala25 concluded that about half of the variance of 
walking speed "was accounted for by … environmental factors … and factors 
specific to walking tests" (p. 1299). Such methodological factors may affect 
knee osteoarthritis patients differentially from controls, and are, therefore, 
crucial in the interpretation of group comparisons. 

The present study is a meta-analysis26 of the average walking speed of 
knee osteoarthritis patients in comparison to controls. The difference between 
patients and controls will be expressed as "effect-size". Meta-analysis not only 
allows for pooling the results of the studies included, but also for the 
calculation of between-study variance. Meta-regression is a powerful way to 
examine sources of heterogeneity. Hence, the present meta-analysis can serve 
as a diagnostic tool for the research community, revealing in how far relevant 
factors, that is, subject characteristics, walk-test methodology, and their 
interaction, affect the published differences between patients and controls. 
 
Methods 
Search strategy 
 Through June, 2009, PubMed was searched with "knee osteoarthritis AND 
(walking OR gait)". Relevant papers had to be in English, had to compare knee 
osteoarthritis subjects with controls, with the number of subjects specified, and 
had to mention the mean and SD (standard-deviation) of self-selected or 
comfortable walking speed. Two authors (HAB & HRFY) inspected titles and 
abstracts of the papers that were found, and selected "potentially relevant" 
papers. Reviewer agreement was expressed as Cohen's kappa. One author 
(HAB) then read all potentially relevant papers, and made the definitive 
selection. Reference lists of papers obtained were inspected.  
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Data description 
 The number of patients and controls was registered, plus potentially relevant 
patient characteristics—gender (% female), age, BMI, grade of the 
osteoarthritis, and exclusion criteria. As variables of interest, self-selected or 
comfortable walking speed was entered, together with related parameters 
(stride length, stride time, cadence). For descriptive purposes, weighted 
averages were calculated over studies, with numbers of subjects per study as 
weighting factor. 
 

Meta-analyses 
 The effect-size between patients and controls was expressed as Hedges' g:26 
 

Hedges'  g
MC MP

SDpooled

, 

 

where MC is the mean value in the control group, MP the mean in the patients, 
and SDpooled the pooled estimate of the standard-deviation. In other words, 
Hedges' g expresses how many standard-deviations the groups differ in the 
variable of interest. 

The variance of Hedges' g per study is a function of the numbers of 
subjects in the groups, and of Hedges' g itself.26 This variance was used as 
weighting factor to calculate the weighted average over studies, that is, the 
overall effect-size.26 The significance of this overall effect-size was determined 
with a standard-normal Z-test, dividing the overall effect-size by its standard 
error. To test for heterogeneity, the Q statistic26 was used to capture how much 
the single-study effect-sizes differed from the overall effect-size. If Q is not 
significant, a fixed effects model can be used, assuming that single-study effect-
sizes are independent estimators of one overall effect; if Q is significant, a 
random effects model is appropriate, the different studies being assumed to 
each reflect their own "true" value.  

The above was repeated for gait parameters, i.e., stride length, stride 
time, and cadence. 
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Meta-regression 
 The Q statistic fails to capture heterogeneity quantitatively.27 Thus, I2 was 
calculated,28 i.e., the percentage between-study variance within the total 
variance of effect-sizes.29 Meta-regression was performed to investigate the 
effects of possibly relevant factors on the effect-sizes.30 First, age, gender, and 
all potentially differentiating variables mentioned in 10 or more studies, were 
registered.30 Then, a SAS programme for meta-regression31 was translated into 
MATLAB 7.0.4. Per variable, the regression coefficient (B), its significance (P 
< 0.05), and the percentage of variance "explained" (R2) were calculated. 
Finally, all significant variables were combined into one multivariate model. 
 
Results 
Studies selected 
The initial search led to the identification of 325 papers. The two reviewers 
agreed on 57 "potentially relevant papers", excluding 240. In 28 cases, the 
reviewers disagreed, implying a kappa of 0.75 ("substantial agreement").32 
Differences were resolved in open discussions, leading to one more potentially 
relevant paper. Then, the first author designated 11 papers as "definitely 
relevant", to which six papers were added during the course of the project,33-38 
plus one study from our own group, following patients after a replacement 
operation.39 

In the 18 papers thus obtained (Table 1), 8 contained multiple 
comparisons. These studies distinguished between different subsets of patients 
(less severe vs. more severe,40 moderate vs. Severe,38,41 male vs. female33, 
unilateral vs. bilateral37), or the studies used more than one control group 
(young plus healthy peers,39 young plus elderly,42 K/L43 grade 0-1 plus grade 
2.34 In 5 studies,33,36,41,44,45 there may have been some interdependence, as some 
subjects may have participated in more than one of the studies (Kevin J. 
Deluzio, 2008, personal communication). If these are regarded as different 
studies, the meta-analysis was concerned with 18 studies, 26 comparisons, 775 
patients, and 624 controls; if only the most extensive study of the Deluzio 
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group41 were included, there were 14 studies, 21 comparisons, 605 patients, and 
438 controls. 

 
Methodological parameters 
One study39 used a treadmill, the others walking on a walkway. Walkway length 
was mentioned in 12 studies (14 comparisons); it ranged from 6 to 12 metres 
(Table 2). A force plate was used in 10 studies (13 comparisons). 

 
Subject characteristics 
In the 14 studies (21 comparisons) with information on gender (Table 1), 
59.1% of the patients were female, 66.8% of the controls, that is 7.7% more in 
the control groups. Weighted average age (with numbers of subjects as 
weighting factors) was 55.1 years in controls, and 61.1 in patients, the patients 
being on average 6 years older. Information on BMI was given in 9 studies (16 
comparisons), with a weighted average of 25.4 in controls, and 29.8 in patients, 
thus, 4.4 higher in the patients. 

Knee osteoarthritis "severity" was indicated in 17 studies (25 
comparisons). Several scales were used, such as the 0-4 points Kellgren-
Lawrence43. All other descriptors were mapped onto this scale,46 "moderate" 
translated into 3, "severe" or waitlisted for surgery into 4, and averages were 
calculated for those studies that had subgroups with different severity. Disease 
severity ranged from 1.5 through 4, with a weighted average of 2.7. In two 
comparisons, values were also given for controls, 0.5 and 2.34  

Exclusion criteria, mentioned in 16 studies (24 comparisons; Table 3), 
give indirect information on subject characteristics. A general classification was 
developed (cf.47), and categories were used that were excluded at least 10 times 
(Table 3). Moreover, the two first authors counted the absolute number of 
diseases explicitly excluded in the papers (mean inter-rater difference 0.4, 
ICC2.1 = 0.99). This number ranged from 0 to 22 (mean value: 7.1). 
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Table 1 Global characteristics of the studies 

First author, 
year 

N  Severity     Gender       
male  female 

Age (years) 
Mean    (SD) 

BMI 
mean 

  
(SD)

Kaufman, 
200148 

P 139 
C 20 

 2 
 

47 
9 

92 
11 

57 
30  

(12.5)   
(8.0) 

  

Gök, 
200249 

P 13 
C 13 

early medial 2  13 
13 

57  
58  

(8)  
(11)   

McGibbon, 
200235 

P 13 
C 10 

unilateral  2 
4 

11 
6 

72.9 
73.3 

(8.9) 
(4.6)   

Ouellet, 
200250 

P 16 
C 18 

 4 8 
9 

8 
9 

66.8 
60.0  

(10.2) 
(7.9)   

Chen, 
200342 

P 20 
C 20 

bilateral 
young 

4  20 
20 

65.5  
21.7  

(9.3) 
(4.5)   

 P = 
C 15 

= 
elderly 

=  = 
15 

=  
63.5  

=  
(11.3)   

Lewek, 
200451 

P 12 
C 12 

medial 3 6 
6 

6 
6 

50.3  
49.5  

(7.4) 
(6.1)   

Shrader, 
200452 

P 19 
C 21 

medial 3.5   67.5  
61.0  

(7.5) 
(7.0)   

Messier, 
200553 

P 10 
C 10 

 2 1 
1 

9 
9 

74.1  
73.0 

(1.5) 
(1.6)   

Mundermann, 
200540 

P 19 
C 19 

medial   1.5 6 
6 

13 
13 

65.2  
61.7  

(12.5) 
(12.3) 

26.9  
26.1 

(3.1) 
(2.6) 

 P 23 
C 23 

Medial  
 

3.5 13 
13 

10 
10 

65.0  
63.7  

(8.0) 
(9.2) 

27.8  
27.1  

(4.8) 
(4) 

Hubley-Kozey, 
200636 

P 40 
C 38 

 2 29 
17 

11 
21 

58.9 
51.1 

(8.1) 
(10.0) 

29.9 
24.7 

(4.9) 
(4.3) 

Deluzio, 
200744 

P 50 
C 63 

 4   70.0  
65.0  

(7.8) 
(8.5)   

Astephen,  
200741 

P 60 
C 60 

 3 40 
23 

20 
37 

58.3  
50.3  

(9.3) 
(10.1) 

31  
25.5  

(5.2) 
(4) 

 P 61 
C = 

 4 28 
= 

33 
= 

64.5  
= 

(7.7) 
= 

32 
= 

(5.5) 
= 

Landry, 
200745 

P 41 
C 43 

 2   58.2  
50.7  

(8.3) 
(10.2) 

30.3 
24.8  

(4.5) 
(3.9) 

McKean, 
200733 

P 15 
C 24 

female 
female 

2  15 
24 

57.0  
48.7  

(11.2) 
(10.3) 

31.5  
24.4  

(5.2) 
(3.6) 

 P 24 
C 18 

male 
male 

= 24 
18  55.1  

52.2  
(13.8) 
(10.1) 

29.7  
24.7  

(4.6) 
(3.2) 

Thorp, 
200734 

P 52 
C 37 

 2 
0.5 

14 
10 

38 
27 

56.2  
53.6  

(10.4) 
(6.1) 

29.1  
26.7  

(3.2) 
(3.9) 

 P = 
C 19 

 = 
2 

= 
4 

= 
15 

=  
55.4  

= 
(5.9) 

= 
27.2  

= 
(4.) 

Tanaka, 
200837 

P 6 
C 5 

unilateral 3  6 
5 

68.7 
72.0 

(8.1) 
(10.8) 

22.9 
22.4 

(2.7) 
(2.4) 

 P 6 
C = 

bilateral =  6 
= 

72.3 
= 

(3.9) 
= 

26.4 
= 

(4.9) 
= 

Zeni Jr., 
200938 

P 21 
C 22 

 2.5   63 
59 

(9.3) 
(11) 

29.2 
25.1 

(4.1) 
(3.8) 

 P 13 
C = 

 4   59 
= 

(9.8) 
= 

30.5 
= 

(5.2) 
= 
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Abbasi, 
submitted39 

P 16 
C 12 

 
healthy peers 

4 5 
5 

11 
7 

62.3  
62.0  

(10.7) 
(12.7) 

29.7  
29.4  

(4.1) 
(4.9) 

 P = 
C 15 

 
young 

= = 
4 

= 
11 

=  
22.9  

= 
(3.9) 

= 
22.1  

 =    
(1.5) 

 
N number of subjects  P osteoarthritis patients 
SD standard deviation  = the same subjects as in the control  
BMI Body Mass Index    (C) or patient (P) sample just above 
C control subjects   K/L grade of osteoarthritis43 
 
 

 
Figure 1. Differences between walking speeds of patients and controls, expressed 
as pooled standard-deviations (Hedges' g), with per study the mean value and the 
95% confidence interval. The bottom line presents the overall effect size of the 18 
studies analysed 
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Walking speed 
Walking speed (Table 2) varied widely, in controls ranging from 0.9 m/s to 1.6 
m/s, weighted average 1.25 m/s, and in patients from 0.7 m/s to 1.4 m/s, 
weighted average 1.08 m/s. In 17 of the 26 comparisons (Figure 1), patients 
walked significantly slower than controls, in 2 comparisons non-significantly 
faster, and in the remaining 7 slower than controls, but not significantly so. 
The overall effect-size equalled -0.96, that is, patients walked about 1 standard-
deviation slower than controls. 

Heterogeneity was significant (P < 0.001), also when comparisons with 
young controls, or the possibly redundant studies from the Deluzio group, 
were left out from the calculation (P-values < 0.001). In a random effects 
model, the overall effect-size was significant, also with the above corrections 
(P-values < 0.001). 
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Table 2 Methodological parameters, and mean (SD) of walking speed and related 
gait parameters  

Study Walkway 
(m) 

Velocity 
(m/s) 

Stride 
Length (m) 

Stride     
Time (s) 

Cadence 
(steps / min) 

Kaufman, 
2001 

12 
 

1.09 
1.17 

(0.11) 
(0.14) 

      

Gök,1 
2002 

* 
 

0.9 
1.0 

(0.1) 
(0.1) 1.1 (0.1) 1.2 

1.1 
(0.1) 
(0.2) 

101 
113 

(11) 
(13) 

McGibbon 
2002 

10* 
 

1.03 
1.19 

(0.26) 
(0.22)       

Ouellet, 
2002 

10 
 

0.9  
1.3 

(0.3) 
(0.2) 

1.1 
1.4 

(0.3) 
(0.1)   95 

110 
(14.8) 
(10.9) 

Chen, 
2003 

10 
 

0.72 
1.16 

(0.10) 
(0.16)     87.7 

112.2 
(10.0) 
(11.8) 

 = 
 

= 
0.92 

=  
(0.17)     = 

99.3 
= 
(12.3) 

Lewek, 
2004 

10* 
 

1.4 
1.5 

(0.1) 
(0.2)       

Shrader, 
2004 

9.5 
 

0.86 
1.02 

(0.13) 
(0.12)     100.5 

104.2 
(10.1) 
(0.1) 

Messier, 
2005 

7.5 
 

1.10 
1.30 

(0.11) 
(0.27) 

1.2 
1.3 

(0.08) 
(0.16)   108.7 

118.2 
(8.7) 
(12.1) 

Mundermann, 
2005 

* 
 

1.26 
1.16 

(0.23) 
(0.15) 

      

 = 
 

1.25 
1.23 

(0.22) 
(0.21) 

      

Hubley-Kozey, 
2006 

6* 
 

1.29 
1.37 

(0.18) 
(0.19) 

1.42 
1.46 

(0.13)
(0.12) 

1.12 
1.08 

(0.11) 
(0.10)   

Deluzio, 
2007 

* 
 

0.76 
0.95 

(0.08) 
(0.14)       

Astephen,  
2007 

* 
 

1.25 
1.36 

(0.22) 
(0.19) 

1.39 
1.44 

(0.16) 
(0.13) 

1.13 
1.06 

(0.12) 
(0.09)   

 = 
 

0.92 
= 

(0.24) 
= 

1.16 
= 

(0.19) 
= 

1.26 
= 

(0.19) 
=   

Landry, 
2007 

* 
 

1.30 
1.38 

(0.19)
(0.19) 

1.42 
1.45 

(0.13) 
(0.12) 

1.10 
1.07 

(0.11) 
(0.10)   

McKean, 
2007 

* 
 

1.3 
1.4 

(0.3) 
(0.2) 

1.3 
1.4 

(0.2) 
(0.1) 

0.7 
0.6 

(0.1) 
(0.1)   

 = 
 

1.3 
1.6 

(0.2) 
(0.2) 

1.4 
1.5 

(0.1) 
(0.1) 

0.7 
0.7 

(0.1) 
(0.1)   

Thorp, 
2007 

* 
 

1.20 
1.32 

(0.21) 
(0.25)       

 = 
 

= 
1.31 

= 
(0.21)       

Tanaka, 
2008 

10 
 

1.09 
1.26 

(0.22) 
(0.20) 

1.21 
1.27 

(0.16) 
(0.08)     

 = 
 

0.97 
= 

(0.23) 
 = 

1.08 
= 

(0.19)   
=     
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Zeni Jr., 
2009 

10 
 

1.13 
1.22 

(0.12) 
(0.14)       

 = 
 

1.03  
= 

(0.26) 
=       

Abbasi, 
submitted 

 
 

0.71 
1.24 

(0.43) 
(0.19) 

0.84 
1.27 

(0.45) 
(0.18) 

1.21 
1.03 

(0.15) 
(0.1) 

100.3 
117.8 

(11.8) 
(14.2) 

  
 

= 
1.20 

= 
(0.20) 

= 
1.35 

= 
(0.21) 

= 
1.13 

= 
(0.12) 

= 
107.8 

= 
(14.9) 

 
1 In this study, the right and the left leg were separately analysed (resulting in exactly 

the same numbers); we used data on the right leg only 
* A force-plate was used 
 

 

Gait parameters 
For gait parameters (Figure 2), random effects models were used also. Stride 
length (9 studies, 13 comparisons) was shorter in patients than in controls 
(weighted averages 1.23 m vs. 1.40 m, Hedges' g -0.98, P < 0.001). Patients' 
stride time (6 studies, 9 comparisons) was longer (1.11 s vs. 1.01 s, Hedges' g 
0.70, P < 0.001), and as to cadence (6 studies, 8 comparisons), patients made 
fewer steps per minute (97.0 vs. 109.8, Hedges' g -1.05, P < 0.001). 
Recalculation after removal of potentially redundant comparisons did not 
change these P-values. 

Note that these measures are not independent. Still, the general pattern 
is clear: Patients walked slower than controls, with shorter strides, longer stride 
times, and fewer steps per minute. 
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Table 4 Meta-regression analysis, with regression coefficients (B), P-values, and 
the percentage (R2) of between-study variance "explained" 

B    P R2  

Calculated separately 

ethodology
 

  
 

walkway length -0.10 0.08   
force plate -0.62 0.00 4.3  

Subject characteristics 
 % females 0.01 0.35   

 age 0.03 0.00 6.6  
 BMI 0.12 0.17   

disease severity 0.52 0.00 15.7  

Exclusion criteria 
other arthritis -0.45 0.10   

neurology -0.35 0.71   
cardiovascular 0.08 0.36   

lower limb surgery -0.39 0.61   
preceding trauma -0.07 0.34   

# excl. diseases -0.06 0.00 4.3  

The significant variables taken together 
force plate -0.15 0.66   

 age 0.02 0.00 5.9  
disease severity 0.40 0.00 15.6  
# excl. diseases -0.06 0.00 14.0  

 
 % of female patients, patients' age, or patients' BMI, minus that of the controls 

B regression coefficient; note that a positive B implies that increase of the factor 
in question coincided with a larger effect size, that is, a larger difference 
between patients and controls 
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A 

 

 

 

     

B 

 

 

 

 

 

  

C    

Figure 2. Differences 
between stride length 
(A), stride time (B), 
and cadence (C) of 
patients and controls.  
For interpretation, see 
Figure 1
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Meta-regression 
I2 equalled 80%. Thus, of the variance of reported effect-sizes 20% was within-
study, and 80% between-study. To pinpoint components of between-study 
variance, meta-regression was performed of each potentially discriminating 
variable (Table 4). The use of a force plate coincided with a smaller effect-size, 
while a large age difference between patients and controls was related to a 
larger effect-size, as was more severe knee osteoarthritis. Moreover, if more 
diseases had been excluded, the effect-size was smaller (P-values 0.00). 

Variables may be dependent, and meta-regression was repeated with 
the significant variables in one model. In this model (P-values 0.00), a larger 
age difference between patients and controls coincided with a larger effect-size 
(B = 0.02, R2 = 5.9%), as did more severe knee osteoarthritis (B = 0.40, R2 = 
15.6), but a larger number of excluded diseases led to a smaller effect-size (B = 
-0.6, R2 = 14.0). The use / no-use of a force plate was no longer significant. 

 

 

Figure 3. Contribution of subject characteristics, methodology, and their interaction, 
to the overall variance of effect-sizes 
 
  

20 5 12 11 52%

subject charactristics methodology

interaction

within-study age 5%
severity 12%
co-morbidity 11%

??

unexplained



45

Discussion 
A meta-analysis was performed of 18 studies on self-selected / comfortable 
walking speed in subjects with knee osteoarthritis, compared to healthy 
controls. Patients walked on average about 1 standard-deviation slower than 
controls (P 0.00). Of the variance of effect-sizes, 80% was due to between-
study differences. On meta-regression, about 6% of this between-study 
variance was due to the age difference between patients and controls, 16% to 
the severity of knee osteoarthritis, and 14% to the number of excluded 
diseases. Overall, slightly more than half the variance of effect-sizes remained 
unexplained. 

 
Effect-size 
The effect-size of 1 standard-deviation suggests a large enough difference 
between patients and controls to be clinically relevant.54 In individual 
measurements, this may be a moot point, since the large variability found 
implies that no absolute meaning can be given to individual values. Still, this 
effect-size of ballpark 1 standard-deviation may be used for interpreting group 
studies, that is, by way of comparison with other diseases, or in the 
interpretation of intervention studies (e.g.,55,56).  

 
Walk-test methodology 
In overall meta-regression, no effect was found of the use / non-use of a force 
plate, or the length of the walkway. Hence, these factors had no different 
impact, if any, on patients than on controls. Studies often lacked sufficiently 
detailed information on walk-test methodology. Perhaps, walk-test 
methodologies were fairly similar in the studies analysed, but the large range of 
walking speeds in the control groups suggests otherwise. Walking speed 
depends on task constraints,57 with a more difficult task slowing down 
walking.58 Walking with a dual task,59-61 or in a cluttered environment,62 is 
slower. Children walked slower during a 10-minute walk vs. a 10-metre walk,63 
apparently, because knowledge of what has to be done later affects current 
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performance. Such factors may have a different impact on patients than on 
controls. The elderly slow down more in a dual task than younger subjects.64 
Similarly, in knee osteoarthritis patients, or, for instance, subjects with co-
morbidity, walk-test methodology may well co-determine the difference 
between patients and controls.  

The present study contains no information on methodological factors 
that contribute to the variance of walking speed effect-sizes. Experimental 
studies are needed to further clarify this issue. For the time being, it may be 
wise to avoid talking to the subjects during the walk-test, because "walking 
while talking" may constitute a dual task.60 Furthermore, cleaning the lab may 
help to avoid visual clutter, especially important in subjects with poor vision.62 
And, informing subjects that they will have some rest after the walk-test may 
attenuate the effects of what they will have to do later. Clinicians who monitor 
walking speed, would do well to rigorously standardize walk-test methodology. 

 
Subject characteristics 
About 6% of the between-study variance of effect-sizes was explained by the 
age difference between patients and controls, with a large age difference 
leading to a larger effect-size. This is in agreement with the literature, because 
older subjects tend to walk slower.65 Disease severity had an impact of 16%, 
with a larger effect-size in more serious knee osteoarthritis (cf.66). Radiographic 
disease severity was reported to contribute little to the variance of walking 
speed, but disability had a stronger association;66 in the present study, the 
categories "moderate" and "severe" probably included disability. 

We found no effect of BMI. In the literature, BMI was found to be 
related to walking speed in obese subjects,66 and in the elderly, both under- and 
overweight led to slower walking.8 In the present study, a larger number of 
diseases excluded, that is: less co-morbidity, led to a smaller effect-size, which 
explained 14% of the variance. Also in a study of knee and hip osteoarthritis 
patients, the number of co-morbid conditions was related to walking speed, 
even more so in severe co-morbidity.47 In osteoarthritis, the prevalence of co-
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morbidity is high, in the order of 80%,67 and the effects of this important 
factor should not be underestimated.68 

Taken together, age difference, disease severity, and number of co-
morbid conditions explained 36% of the between-study variance, that is, 28% 
of the total variance. These factors can be used to guide future studies on the 
walking speed of knee osteoarthritis patients vs. controls. It appears best to 
match the groups for age. Disease severity should be registered more 
extensively, including radiological severity, and disability. Moreover, it must be 
recommended to exclude co-morbidity that would seriously affect walking 
speed, and otherwise register the number of co-morbid conditions. Finally, 
clinicians should be aware of the impact of co-morbidity. If a patient's walking 
speed suddenly deteriorates, this might be due to co-morbidity flaring up. 

 
Disentangling the variance 
Within-study variance contributed only 20% to the total variance. This points 
to a high degree of between-study heterogeneity,28 and the "1 standard-
deviation" should be taken as ballpark, rather than a precise estimator. Age, 
disease severity, and co-morbidity contributed 28% to the total variance, but 
other subject characteristics, not mentioned sufficiently often in the studies 
analysed, will also have been relevant, such as pain intensity,52,69 or pain 
catastrophizing.70 No methodological contribution to the variance could be 
identified in the present meta-analysis. Again, however, methodology may well 
have played a role. All in all, 52% of the total variance remained unexplained. 
At present, it is impossible to say how much of this unexplained variance was 
due to methodology, to subject characteristics, and/or their interaction (Figure 
3.).  
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Limitations 
We focused on walk-test methodology and several subject characteristics in the 
studies included. Other criteria of methodological quality of the studies were 
not analysed, but we think these had no major additional impact on the general 
pattern of results, i.e., a significant difference between patients and controls, 
and a significant meta-regression for several subject characteristics. 

There was some between-study dependence, controlled for in 
recalculations. There was also dependence in pairs of comparisons that used 
either the same patients or the same controls, but post hoc, there were no effects 
of such dependence on any of the significant effects found. 

 
Conclusions 
In published comparisons of self-selected walking speed in knee osteoarthritis 
patients vs. healthy subjects, patients walked on average one standard-deviation 
slower. Within-study variance was 20%, leaving 80% between-study variance. 
Of this between-study variance, 36% (= 28% of the total variance) was due to 
age, disease severity, and co-morbidity. These results can be used to guide 
future studies. More research will be needed to assess in how far the remaining 
unexplained variance is due to methodology, subject characteristics, or their 
interaction. 
 
  



49

References 
1. Felson DT, Naimark A, Anderson J, Kazis L, Castelli W, Meenan RF. The prevalence of 

knee osteoarthritis in the elderly: The Framingham Osteoarthritis Study. Arthritis Rheum 
1987; 30:914-8 

2. Kauppila AM, Kyllonen E, Mikkonen P, Ohtonen P, Laine V, Siira P, Niinimaki J, 
Arokoski JP. Disability in end-stage osteoarthritis. Disabil Rehabil 2008; 31:370-80 

3. Hawker GA, Badley EM, Croxford R, Coyte PC, Glazier RH, Guan J, Harvey BJ, 
Williams JI, Wright JG. A population-based nested case-control study on the costs of hip 
and knee replacement surgery. Med Care 2009; 47:732-41 

4. Leardini G, Salaffi F, Caporali R, Canesi B, Rovati L, Montanelli R. Italian Group for 
Study of the Costs of Arthritis, Direct and indirect costs of osteoarthritis of the knee. 
Clin Exp Rheumatol 2004; 22:699-706  

5. Messier SP. Osteoarthritis of the knee and associated factors of age and obesity: Effects 
on gait. Med Sci Sports Exerc 1994; 26:1446-52 

6. Paquette MR, Fuller JR, Adkin AL, Vallis LA. Age-related modifications in steering 
behaviour: Effects of base-of-support constraints at the turn point. Exp Brain Res 2008; 
190:1-9 

7. Wu W, Meijer OG, Lamoth CJ, Uegaki K, Van Dieën JH, Wuisman PI, De Vries JL, 
Beek PJ. Gait coordination in pregnancy: Transverse pelvic and thoracic rotations and 
their relative phase. Clin Biomech 2004; 19:480-8 

8. Woo J, Leung J, Kwok T. BMI, body composition, and physical functioning in older 
adults. Obesity 2007; 15:1886-94 

9. Ayis S, Ebrahim S, Williams S, Jüni P, Dieppe P. Determinants of reduced walking speed 
in people with musculoskeletal pain. J Rheumatol 2007; 34:1905-12 

10. Chamberlin ME, Fulwider BD, Sanders SL, Medeiros JM. Does fear of falling influence 
spatial and temporal gait parameters in elderly persons beyond changes associated with 
normal aging? J Gerontol 2005; 60A:1163-7 

11. Ruo B, Liu K, Tian L, Tan J, Ferrucci L, Guralnik JM, McDermott MM. Persistent 
depressive symptoms and functional decline among patients with peripheral arterial 
disease. Psychosom Med 2007; 69:415-24 

12. Van der Esch M, Steultjens M, Harlaar J, Knol D, Lems W, Dekker J. Joint 
proprioception, muscle strength, and functional ability in patients with osteoarthritis of 
the knee. Arthritis Rheum 2007; 5:787-93 

13. Dantzer R, Kelley KW. Twenty years of research on cytokine-induced sickness behavior. 
Brain Behav Immun 2007; 21:153-60 

14. Penninx BW, Abbas H, Ambrosius W, Nicklas BJ, Davis C, Messier SP, Pahor M. 
Inflammatory markers and physical function among older adults with knee osteoarthritis. 
J Rheumatol 2004; 31:2027-31 

15. Craig AD. How do you feel? Interoception: The sense of the physiological condition of 
the body. Nat Rev Neurosci 2002; 3:655-66 

16. Dantzer R. Cytokine-induced sickness behavior: Mechanisms and implications. Ann N Y 
Acad Sci 2001; 933:222-34 

17. Van den Dikkenberg N, Meijer OG, Van der Slikke RM, Van Lummel RC, Van Dieën 
JH, Pijls B, Benink RJ, Wuisman PI. Measuring functional abilities of patients with knee 
problems: Rationale and construction of the DynaPort knee test. Knee Surg Sports 
Traumatol Arthrosc 2002; 10:204-12 



50

18. Mokkink LB, Terwee CB, Van der Slikke RM, Van Lummel RC, Benink RJ, Bouter LM, 
De Vet HC. Reproducibility and validity of the DynaPort KneeTest. Arthritis Rheum 
2005; 15:357-63. 

19. Van Loo MA, Moseley AM, Bosman JM, De Bie RA, Hassetts L. Test-re-test reliability 
of walking speed, step length and step width measurement after traumatic brain injury: A 
pilot study. Brain Inj 2004; 18:1041-8 

20. Sherrington C, Lord SR. Reliability of simple portable tests of physical performance in 
older people after hip fracture. Clin Rehabili 2005; 19:496-504 

21. Wittwer JE, Webster KE, Andrews PT, Menz HB. Test-retest reliability of spatial and 
temporal gait parameters of people with Alzheimer's disease. Gait Posture 2008; 28:392-6 

22. Fulk GD, Echternach JL. Test-retest reliability and minimal detectable change of gait 
speed in individuals undergoing rehabilitation after stroke. J Neurol Phys Ther 2008; 
32:8-13 

23. Graham JE, Ostir GV, Fisher SR, Ottenbacher KJ, Assessing walking speed in clinical 
research: A systematic review. J Eval Clin Pract 2007; 14:552-62 

24. Graham JE, Ostir GV, Kuo Y-F, Fisher SR, Ottenbacher KJ, Relationship between test 
methodology and mean velocity in timed walking tests: A review. Arch Phys Med Rehabil 
2008; 89:865-72 

25. Pajala S, Era P. Koskenvuo M, Kaprio J, Alén M, Tolvanen A, Tiainen K, Rantanen T, 
Contribution of genetic and environmental factors to individual differences in maximum 
walking speed with and without second task in older women. J Gerontol 2005; 60A:1299-
1303 

26. Cooper H, Hedges LV (Ed.). The Handbook of Research Synthesis. New York: Russell 
Sage; 1994 

27. Huedo-Medina TB, Sánchez-Meca J, Marín-Martínez F, Botella J, Assessing hetero-
geneity in meta-analysis: Q statistic or I2 index? Psychol Methods 2006; 11:193-206  

28. Higgins JPT, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-
analyses. BMJ 2003; 327:557-60 

29. Higgins JPT, Green S. Cochrane Handbook for Systematic Reviews of Interventions. 
Hoboken NJ: Wiley-Blackwell; 2008 

30. Thompson SG, Higgins JPT. How should meta-regression analyses be undertaken and 
interpreted? Statist Med 2002; 21:1559-1673  

31. Berkey CS, Hoaglin DC, Mosteller F, Colditz GA. A random-effects regression model 
for meta-analysis. Stat Med 1995; 14:395-411 

32. Landis JR, Koch GG. The measurement of observer agreement for categorical data. 
Biometrics 1977; 33:159-74 

33. McKean KA, Landry SC, Hubley-Kozey CL, Dunbar MJ, Stanish WD, Deluzio KJ. 
Gender differences exist in osteoarthritic gait. Clin Biomech 2007; 22:400-9 

34. Thorp LE, Sumner DR, Wimmer MA, Block JA. Relationship between pain and medial 
knee joint loading in mild radiographic knee osteoarthritis. Arthritis Rheum 2007; 
57:1254-60 

35. McGibbon CA, Krebs DE. Compensatory gait mechanics in patients with unilateral knee 
arthritis. J Rheumatol 2002; 29:2410-9 

36. Hubley-Kozey CL, Deluzio KJ, Landry SC, McNutt JS, Stanish WD. Neuromuscular 
alterations during walking in persons with moderate knee osteoarthritis. J Electromyogr 
Kinesiol 2006; 16:365-78  

37. Tanaka K, Miyashita K, Urabe Y, Ijiri T, Takemoto Y, Ishii Y, Ochi M. Characteristics of 
trunk lean motion during walking in patients with symptomatic knee osteoarthritis. Knee 
2008; 15:134-8 



51

38. Zeni JA Jr, Higginson JS. Differences in gait parameters between healthy subjects and 
persons with moderate and severe knee osteoarthritis: a result of altered walking speed? 
Clin Biomech 2009; 24:372-8  

39. Abbasi-Bafghi H, Fallah-Yakhdani HR, Meijer OG, Knol DL, de Vet H.C.W, van den 
Dikkenberg N, Bruijn SM, van Royen BJ, Yang L-Y and van Dieën JH. Long-term 
reliability / stability of variables in monitoring patients after knee arthroplasty. Submitted 

40. Mundermann 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 Rheum 2005; 52:2835-44 

41. Astephen JL, Deluzio KJ, Caldwell GE, Dunbar MJ. Biomechanical changes at the hip, 
knee, and ankle joints during gait are associated with knee osteoarthritis severity. J 
Orthop Res 2007; 26:332-41 

42. Chen CP, Chen MJ, Pei YC, Lew HL, Wong PY, Tang SF. Sagittal plane loading 
response during gait in different age groups and in people with knee osteoarthritis. Am J 
Phys Med Rehabil 2003; 82:307-12 

43.  Kellgren JH, Lawrence JS. Radiological assessment of osteo-arthrosis. Ann Rheum Dis 
1957; 16:494-502 

44.  Deluzio KJ, Astephen JL. Biomechanical features of gait waveform data associated with 
osteoarthritis: An application of principal component analysis. Gait Posture 2007; 25:86-
93 

45.  Landry SC, McKean KA, Hubley-Kozey CL, Stanish WD, Deluzio KJ. Knee 
biomechanics of moderate OA patients measured during gait at a self-selected and fast 
walking speed. J Biomech 2007; 40:1754-61 

46.  Petersson IF, Boegård T, Saxne T, Silman AJ, Svensson B. Radiographic osteoarthritis of 
the knee classified by the Ahlbäck and Kellgren & Lawrence systems for the tibiofemoral 
joint in people ages 35-54 years with chronic knee pain. Ann Rheum Dis 1997; 56:493-6 

47.  Van Dijk GM, Veenhof C, Schellevis F, Hulsmans H, Bakker JP, Arwert H, Dekker JH, 
Lankhorst GJ, Dekker J. Comorbidity, limitations in activities and pain in patients with 
osteoarthritis of the hip or knee. BMC Musculoskelet Disord 2008; 9:95-104 

48.  Kaufman KR, Hughes C, Morrey BF, Morrey M, An KN. Gait characteristics in patients 
with knee osteoarthritis. J Biomech 2001; 34:907-15 

49.  Gök H, Ergin S, Yavuzer G. Kinetic and kinematic characteristics of gait in patients with 
medial knee arthrosis. Acta Orthop Scand 2002; 73:647-52 

50.  Ouellet D, Moffet H. Locomotor deficits before and two months after knee arthroplasty. 
Arthritis Rheum 2002; 47:484-93 

51.  Lewek MD, Rudolph KS, Snyder-Mackler L. Control of frontal plane knee laxity during 
gait in patients with medial compartment knee osteoarthritis. Osteoarthritis Cartilage 
2004; 12:745-51 

52.  Shrader MW, Draganic LF, Pottenger LA, Piotrowski GA. Effects of knee pain relief in 
osteoarthritis on gait and stair-stepping. Clin Orthop Relat Res 2004; 421:188-93 

53.  Messier SP, DeVita P, Crowan RE, Seay J, Young HC, Marsh AP, Do older adults with 
knee osteoarthritis place greater load on the knee during gait? A preliminary study. Arch 
Phys Med Rehabil 2005; 86:7803-9 

54.  Cohen J. Statistical Power Analysis for the Behavioral Sciences. Hillsdale, NJ: Lawrence 
Erlbaum; 1988 

55.  Beer S, Aschbacher B, Gamper E, Kool J, Kesselring J. Robot-assisted gait training in 
multiple sclerosis: A pilot randomized trial. Mult Scler 2008; 14:231-6 



52

56.  Westlake KP, Patten C. Pilot study of Lokomat versus manual-assisted treadmill training 
for locomotor recovery post-stroke. J Neuroeng Rehabil 2009; 12:6-18 

57.  Newell K. Constraints on the development of coordination. In: Wade MG, Whiting 
HTA (eds) Motor Development in Children: Aspects of coordination and control. 
Dordrecht: Nijhoff; 1986: 341-61 

58.  Hausdorff JM, Yogev G, Springer S, Simon ES, Giladi N. Walking is more like catching 
than tapping: Gait in the elderly as a complex cognitive task. Exp Brain Res 2005; 
164:541-8 

59.  Lord SE, Rochester L, Wetherall M, McPherson KM, McNaughton HK. The effect of 
environment and task on gait parameters after stroke: A randomised comparison of 
measurement conditions. Arch Phys Med Rehabil 2006; 87:967-73 

60.  Bowen A, Wenman R, Mickelborough J, Foster J, Hill E, Tallis R. Dual-task effects of 
talking while walking on velocity and balance following a stroke. Age and Ageing 2001; 
20:319-23 

61.  Dubost V, Kressig RW, Gonthier R, Herrman FR, Aminian K, Najafi B, Beauchet O. 
Relationships between dual-task related changes in stride velocity and stride time 
variability in healthy older adults. Hum Mov Sci 2006; 25:372-82 

62.  Leat SJ, Lovie-Kitchin JE. Visual function, visual attention, and mobility performance in 
low vision. OPtom Vis Sci 2008; 85:1049-56 

63.  Piripis M, Wilkinson AJ, Rodda J, Nguyen TC, Baker RJ, Nattrass GR, Graham HK. 
Walking speed in children and young adults with neuromuscular disease: Comparison 
between two assessment methods. J Pediatr Orthop 2003; 23:302-7 

64.  Bock, O. Dual-task costs while walking increase in old age for some, but not for other 
tasks: An experimental study of healthy young and elderly persons. J Neuroeng Rehab 
2008; 5:27 

65.  Jones LM, Waters DL, Legge M. Walking speed at self-selected exercise pace is lower but 
energy cost higher in older versus younger women. J Phys Act Health 2009; 6:327-32  

66.  Nebel MB, Sims EL, Keefe FJ, Kraus VB, Guilak F, Caldwell DS, Pells JJ, Queen R, 
Schmitt D. The relationship of self-reported pain and functional impairment to gait 
mechanics in overweight and obese persons with knee osteoarthritis. Arch Phys Med 
Rehabil 2009; 90:1874-9 

67.  Stang PE, Brandenburg NA, Lane MC, Kerikangas KR, Von Korff MR, Kessler RC. 
Mental and physical comorbid conditions and days in role among persons with arthritis. 
Psychosom Med 2006; 68:152-8 

68.  Tuominen U, Blom M, Hirvonen J, Seitsalo S, Lehto M, Paavolainen P, Hietanieni K, 
Rissanen P, Sintonen H. The effect of co-morbidities on health-related quality of life in 
patients placed on the waiting list for total joint replacement. Health Qual Life Outcomes 
2007; 5:16  

69.  Henriksen M, Simonsen EB, Alkjaer T, Lund H, Graven-Nielsen T, Danneskiold-
Samsøe B, Bilddal H. Increased joint loads during walking: A consequence of pain relief 
in knee osteoarthritis. Knee 2006; 13:445-50 

70.  Somers TJ, Keefe FJ, Pells JJ, Dixon KE, Waters SJ, Riordan PA, Blumenthal JA, McKee 
DC, LaCaille L, Tucker JM, Schmitt D, Caldwell DS, Kraus VB, Sims EL, Shelby RA, 
Rice JR. Pain catastrophizing and pain-related fear in osteoarthritis patients: 
Relationships to pain and disability. J Pain Symptom Manage 2009; 37:863-72 
  



 

 

Chapter 3  
 

 

The Effects of Knee Arthroplasty on Walking Speed:  

A Meta-analysis 

 

 

 

 

 

Abbasi-Bafghi H, Fallah-Yakhdani HR, Meijer OG, de Vet HCW, Bruijn SM, 

Yang LY, Knol DL, Van Royen BJ, van Dieën JH. BMC Musculoskeletal 

Disorders 2012, 13:66 

 

 



54

 

 

 

 
Abstract 
 
Background. Patients with knee osteoarthritis patients have problems with 
walking, and tend to walk slower. An important aim of knee arthroplasty is 
functional recovery, which should include a post-operative increase in walking 
speed. Still, there are several problems with measuring walking speed in groups 
of knee osteoarthritis patients. Nevertheless, test-retest reliability of walking 
speed measurements is high, and when the same investigators monitor the 
same subjects, it should be possible to assess the walking speed effects of knee 
arthroplasty. The present study reports a meta-analysis of these effects.  
Methods. A total of 16 independent pre-post arthroplasty comparisons of 
walking speed were identified through MEDLINE, Web of Science, and 
PEDro, in 12 papers, involving 419 patients. 
 Results. For 0.5-5 months post-operatively, heterogeneity was too large to 
obtain a valid estimate of the overall effect-size. For 6-12 and 13-60 months 
post-operatively, heterogeneity was absent, low, or moderate (depending on 
estimated pre-post correlations). During these periods, subjects walked on 
average 0.8 standard-deviations faster than pre-operatively, which is a large 
effect. Meta-regression analysis revealed significant effects of time and time 
squared, suggesting initial improvement followed by decline. 
Conclusion. This meta-analysis revealed a large effect of arthroplasty on walking 
speed 6-60 months post-operatively. For the first 0.5-5 months, heterogeneity 
of effect-sizes precluded a valid estimate of short-term effects. Hence, patients 
may expect a considerable improvement of their walking speed, which, 
however, may take several months to occur. Meta-regression analysis suggested 
a small decline from 13 months post-operatively onwards.  
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Background 
Patients with knee osteoarthritis have problems walking, and tend to walk 
slower than controls. Functional recovery is an important aim of 
unicompartmental (UKA) or total (TKA) knee arthroplasty in patients with 
symptomatic osteoarthritis, and walking speed may be a useful variable for 
assessing the functional effects of knee arthroplasty. 

Over the last years, walking speed has received considerable attention 
in the literature. In elderly subjects, a decrease in comfortable walking speed 
may be a sign of co-morbidity,1 or even impending death.2-5 In knee 
osteoarthritis, decreased walking speed is associated with joint space 
narrowing,6 increased concentrations of inflammation mediators,7 and pain.8 
After arthroplasty, walking speed is expected to increase,9 but in a longitudinal 
study, pain reduction did not lead to increased walking speed in knee 
osteoarthritis patients with new co-morbid conditions.10 Hence, walking speed 
may not only be used as a simple instrument to monitor post-operative 
recovery, but also as a screening tool for co-morbidity. 

Unfortunately, there are problems in measuring walking speed in 
groups of knee osteoarthritis patients. Questionnaires are often used, but may 
be insufficiently valid, since post-operative patients tend to overestimate their 
own performance when pain has decreased.11,12 Clearly, walking speed needs to 
be assessed objectively. However, the methodology of walking tests has a 
major impact on results. Analyzing twin pairs, Pajala et al.,13 concluded that 
about half the variance of measured walking speed derived from the 
environment and the methodology of walking tests. In a review of clinical 
studies, Graham et al.,14 confirmed the latter point, and argued that "subtle 
differences in ... instructions" (p. 870) may affect the results. In other words, 
even factors the researchers are hardly aware of, such as the timbre of a voice 
or clutter in the lab, may co-determine self-selected walking speed. Finally, 
there is the problem of the notion of patient "groups". As to the primary 
diagnosis, such a group may be homogeneous, but over 80% of knee 
osteoarthritis patients have one or more co-morbid conditions,15 most of 
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which affect walking speed.16 Hence, walking speeds in patient groups are 
almost certainly heterogeneous. 

There is a vast amount of literature on prognostic factors in knee 
arthroplasty. For instance, co-morbidity17 and higher age18 may slow down 
functional recovery, while UKA, in comparison with TKA,19 or the use of a 
clinical pathway,20 may speed up recovery. In response to all this heterogeneity, 
Ornetti and co-workers9 expressed the belief that a valid meta-analysis of 
walking speed recovery after knee arthroplasty is presently unobtainable. Still, 
Ornetti et al., reported a mean increase in walking speed of 0.16 m/s (= 0.58 
km/h), which is large enough to be clinically meaningful,10 and may well turn 
out to be statistically significant in meta-analysis. 

Test-retest reliability of walking speed is high, with most reported 
IntraClass Correlations (ICCs) at or above 0.9.21,22 Thus, when the same 
researcher measures the same subjects repeatedly, using the same methodology, 
and within a reasonably short time interval, values will be similar. Still, in meta-
analyses of the walking speed effects of arthroplasty, large between-study 
variance has to be expected. Meta-regression analysis was developed to deal 
with this problem, by pinpointing variables that contribute to this variance. 

The present study is a meta-analysis, including a meta-regression 
analysis, of the effects of knee arthroplasty on walking speed. We hypothesized 
a) large variance in the first period after arthroplasty (due to variability in post-
operative recovery), but b) still a clear effect, which, however, c) would 
decrease after some time (due to co-morbid conditions or an increase in age-
related diseases). 
 
Methods 
Literature search 
In August 2009, a search was conducted in MEDLINE, Web of Science, the 
Cochrane Library, and PEDro, with combinations of the search terms: knee, 
osteoarthritis, walking, gait, velocity, speed, replacement, arthroplasty, and 
surgery. Full English reports were included of studies on knee osteoarthritis 
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patients who underwent knee arthroplasty, with mean values and standard-
deviations of pre- and post-operative walking speed. To decide on relevance, 
two members of our research group (H.A.-B. and H.R.F.-Y.) inspected titles 
and abstracts of all papers, and selected "eligible" studies,23 with reviewer 
agreement expressed as Cohen's kappa, and open discussion to resolve 
disagreement. Two authors (H.A.-B. and O.G.M.) read all eligible papers, 
established which papers contained the information needed, and made the 
definitive selection of studies included. 
 
Data description 
Two authors (H.A.-B. and O.G.M.) extracted all relevant data from the papers 
selected. The number of subjects was registered, plus potentially relevant 
variables—UKA vs. TKA, distance walked, gender (% male), age, BMI, and 
any measures of disease severity, co-morbidity, pain, or function. For all 
studies, self-selected (comfortable) walking speed (mean ± SD) before and 
after arthroplasty was entered. For descriptive purposes, absolute numbers 
were used. For walking speed, weighted means were calculated, with standard 
error of the mean as weighting factor. Since standard-deviations were not 
always given for age and BMI, these variables were weighted with the number 
of subjects per study. 
 
Meta-analyses 
Effect-sizes (ESs) were calculated as:24  
 

post pre

pre

M M
ES

SD
, 

 
where Mpre is the mean pre-operative value, Mpost the mean post-operative value, 
and SDpre the pre-operative standard-deviation. The variance of the single-
study ES is a function of the number of subjects, the actual ES, and the 
within-study correlation, rP, between pre- and post-values.25 Unfortunately, 
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papers rarely report this correlation, but it can be calculated from quantitative 
results of repeated measures tests. In the present study, rP was determined 
where possible. To establish if lower or higher values of rP would affect the 
conclusions, all procedures were subsequently rerun for correlations of 0.0 
through 0.9. 

The overall ES was calculated using standard methods,26 and if the Q-
statistic for heterogeneity was not significant, a fixed, otherwise a random 
effects model was applied. The significance of the ES was determined with a 
standard-normal Z-test.26 The clinical literature suggests an initial improvement 
of function after arthroplasty,27 followed by a plateau,28 and after some time 
often,28 but not always,29 a decline. This pattern suggests that the short-term, 
mid-term, and long-term walking speed effects of knee arthroplasty should be 
differentiated. We plotted all effect-sizes over time, and used this plot to select 
cutting points between “short-term”, “mid-term”, and “long-term”.  
 
Meta-regression 
To quantitatively determine heterogeneity, I2 was calculated, i.e., the percentage 
between-study variance in the total variance of ES.30 The literature suggests  
25% as "low" heterogeneity, 50% as "moderate", and 75% as "high".31 
Accordingly, if I2  75%, the overall ES was regarded as uninterpretable. 

Meta-regression was used to assess the impact of relevant factors on 
ES with high heterogeneity.32 A random-effects regression model for meta-
analysis33 was implemented in MATLAB 7.0.4 (and a subset of the calculations 
validated with SAS 9.1, which provided the same, or very similar, results). Per 
variable, the regression coefficient B and its P-value were calculated. Note that 
for multivariate meta-regression analysis, a minimum of 10 studies is required 
for each covariate.34 

 
Results 
Initially, the search yielded 64 papers (Figure 1). The reviewers agreed on 20 
eligible studies, disagreeing 4 times (kappa = 0.64, indicating "good agreement" 
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35). Open discussions led to one more eligible paper, whereupon two authors 
designated 12 papers as "definitely relevant". 

Data on high tibial osteotomy,36,37 or healthy subjects,38 were discarded. 
When the studies presented different subgroups (e.g., receiving various 
physical therapy regimens,39,40 or patients with varying severity of 
osteoarthritis41), these were regarded as different pre-post comparisons, which 
led to 16 independent comparisons, labeled as "studies" (cf. Table 1, which 
includes six references42-47 not mentioned in the text so far). No untreated 
control group was used in any of the studies. Of the 16 studies, 9 were 
concerned with TKA, 6 with UKA, and 1 with a mix (12% UKA). Several 
studies had more than one measurement after the operation, from 0.5-60 
months post-operatively, which added 13 dependent comparisons. 

 

 
 

Figure 1. Study selection23 

Record identified through 
database searching  

(n = 64) 

Record screened  
(n = 64) 

Record excluded  
(lack of relevance)  

(n = 43) 

Full-text articles 
assessed for eligibility  

(n = 21) 

Full-text articles excluded 
(lack of information)  

(n = 9) 

Studies included in 
meta-analyses  

(n = 12) 
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Table 1 - Main characteristics of the studies analyzed; numbers in the first column 
refer to pre- versus post-arthroplasty comparisons with different subjects, and 
letters to different post-operative measurement times. Where relevant, data are 
given as mean ± standard-deviation 
 

 
Study 

(reference) 
Na Arthro- 

plastyb 

Time post

(months)h 

Distance 

walked (m)

Walking Speed Gender 

m/fi 
Agej BMIj 

pre post 

1 
Berman,  

198741 

B 16 

A 16 
TKA 18 3.8 0.58 ± 0.2 0.83 ± 0.2 NA 64.80   

2  
B 12 

A 12 
TKAc 24 = 0.59 ± 0.2 0.71 ± 0.3 NA   

3a 
Kroll,  

198942 

B 18 

A 18 
TKA 5 10 0.84 ± 0.2 0.98 ± 0.2 7/11 68 27.43 

3b  
B 18 

A 18 
= 13 = 0.84 ± 0.2 1.07 ± 0.1 =   

4 
Mattsson, 

199043 

B 20 

A 20 
UKA 12 249.6 1.04 ± 0.2 1.24 ± 0.1 11/9 63 ± 4.5  

5 
Ivarsson, 

199144 

B 10 

A 10 
UKA 6 10 0.83 ± 0.3 0.93 ± 0.2 4/6 64 ± 5  

6 
Weidenhielm, 

199336 

B 36 

A 36 
UKA 12 5 1.03 ± 0.2 1.19 ± 0.2 18/18 64 ± 5 28.1  

7 
Weidenhielm, 

199339 

B 19 

A 19 
UKAd 3 5 1.13 ± 0.1 1.14 ± 0.1 11/8 64± 4 30.08 

8  
B 20 

A 20 
UKA 3 = 1.09 ± 0.2 1.17 ± 0.1 11/9 63± 5 29.07 

9a 
Fusi,  

200245 

B 16 

A 13 
TKA 2 255 0.85 ± 0.2 0.81 ± 0.2 

13/3 

NA 
72 ± 3.6 29.6 ± 5.2

9b  
B 16 

A 8 
= 6 243 0.85 ± 0.2 1.07 ± 0.2 =   

9c  
B 16 

A 10 
= 12 321 0.85 ± 0.2 0.98 ± 0.2 =   

10a 
Parent,  

200246 

B 65 

A 65 
TKA 2 10 0.80 ± 0.3 0.70 ± 0.2 25/40 68.6 ± 8.7 31.2 ± 5.6

10b  
B 65 

A 64 
= 4 = 0.80 ± 0.3 0.90 ± 0.3 

25/40 

24/40 
  

11a 
Lamb, 

200347 

B 79 

A 68 
mixed 3 5 1.10 ± 0.5 1.34 ± 0.4 

40/39 

36/32 
71.1 ± 6.4 29.0 ± 3.9

11b  
B 79 

A 57 
= 6 = 1.10 ± 0.5 1.45 ± 0.5 

40/39 

29/28 
 29.1 ± 3.8
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12a 
Börjesson, 

200537 

B 22 

A 22 
UKA 3 5 1.07 ± 0.2 1.16 ± 0.2 11/11 63 ± 4 28.0  

12b  
B 22 

A 22 
= 12 = 1.07 ± 0.2 1.24 ± 0.2 =   

12c  
B 22 

A 22 
= 60 = 1.07 ± 0.2 1.19 ± 0.2 =   

13 
Mandeville, 

200738 

B 21 

A 21 
TKA 6 10 0.89 ± 0.2 1.05 ± 0.2 6/15 62.6 ± 7.3 32.6 ± 5 

14a 
Rahmann, 

200940 

B 20 

A 17 
TKAe 0.5 = 0.71 ± 0.4 0.49 ± 0.3 

NA 

5/12 
70.4 ± 9.2 28.8 ± 6.2

14b  
B 20 

A 17 
= 3 = 0.71 ± 0.4 1.00 ± 0.4 =   

14c  
B 20 

A 17 
= 6 = 0.71 ± 0.4 0.98 ± 0.3 =   

15a  
B 24 

A 17 
TKAf 0.5 10 0.99 ± 0.2 0.67 ± 0.3 NA 69.4 ± 6.5 28.4 ± 4.6

15b  
B 24 

A 17 
= 3 = 0.99 ± 0.2 1.14 ± 0.3 NA   

15c  
B 24 

A 14 
= 6 = 0.99 ± 0.2 1.25 ± 0.3 NA   

16a  
B 21 

A 19 
TKAg 0.5 10 0.76 ± 0.4 0.57 ± 0.2 NA 69 ± 8.9 28.0 ± 4.1

16b  
B 21 

A 19 
= 3 = 0.76 ± 0.4 1.03 ± 0.3 NA   

16c  
B 21 

A 17 
= 6 = 0.76 ± 0.4 1.09 ± 0.2 NA   

 

= same as immediately above d patients undergoing post-operative 
NA not available in the paper    physiotherapy 
a N number of subjects e standard post-operative care ("ward ") 

B before surgery  f post-operative aquatic treatment 
A after surgery  g post-operative water exercises 

b TKA total knee arthroplasty h number of months after the operation 
UKA unicompartmental   (post-operative measurement) 

knee arthroplasty  i m male 
c patients also having contralateral  f female 
 radiographic signs of knee   j left blank where no information was 

osteoarthritis    given 
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Subject characteristics 
The studies involved 419 patients. Information on gender was provided in 12 
studies, with 45.7% male subjects. Age was provided in all studies, with a pre-
operative mean of 67.2 years. BMI was reported in 12 studies, with a mean 
value of 29.3. Disease severity, co-morbidity, pain, and function were each 
reported in less than 10 studies, and were not taken into consideration in 
further analyses. 
 
Methodological characteristics 
Information on distance walked was provided in all studies. Most studies used 
a walkway, varying from 3.8-10 m, but two studies specified time walked. 
Multiplying these times by mean walking speed at the time of measurement, 
showed distances walked from 243-321 m. Pre-operative self-selected walking 
speed varied widely, from 0.58 m/s to 1.13 m/s (mean value 0.93 m/s). 

None of the papers provided a correlation between pre- and post-
operative values. One paper46 reported the t-value of a paired t-test, 
corresponding to an rP of 0.537,25 which was used for all initial calculations. 
 
Meta-analyses 
Effect-sizes were calculated for all comparisons, and depicted against post-
operative measurement time (Figure 2). The pattern of the first five months 
suggested an increase in walking speed, with considerable heterogeneity. The 
highest effect-size was found at 12 months, after which time some decline 
became apparent. Therefore, 0.5-5 months after arthroplasty was determined 
as “short-term”, 6-12 months as “mid-term” and 13 months or more as “long-
term”. 
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Figure 2. Effect-sizes (vertical axis) against time (horizontal axis) in all 
comparisons of the 29 comparisons, 16 were independent 

 

Ten studies reported short-term walking speed. Effects varied from 
significantly slower to significantly faster (Figure 3). In four studies, two post-
operative values were provided. Since meta-analysis requires independent data, 
each of these four studies could be used in two different meta-analyses, which 
resulted in 24 = 16 possible meta-analyses. These were all performed. 
Heterogeneity was always significant (mean Q = 59.7, range 52.8-66.7, P-values 
< 0.001), and random models were used. The mean ES equaled 0.21 (range -
0.03 to 0.45), with P-values from 0.87 to < 0.001. In 4 of the analyses, the 
effect-size was significant (P < 0.05). Since between-study variance was large, 
with mean I2 = 85.1% (84.8-85.7%), no valid estimate of the short-term effect-
size could be reached. 
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Figure 3. Walking speed effect-sizes in the first 0.5-5 months after knee 
arthroplasty with mean values ( ) and 95% confidence intervals (horizontal error 
bars); given the large between-study variance, no valid overall estimate was 
possible; note that Weidenheim39 followed two different groups 

 

Ten studies gave mid-term walking speed. Effects varied from non-
significantly to significantly faster (Figure 4). In one study, two post-operative 
values were given (9b and 9c, for study numbers, see Table 1), implying two 
ways to perform the meta-analysis. The mid-term effect-size equaled 0.84 (with 
9b) or 0.83 (with 9c). There was no significant heterogeneity (Q-values < 6.0, 
P-values > 0.7), and fixed effect models were used. Both estimates of the 
middle-term effect-size were significant (P-values < 0.001). In the studies used 
for these analyses, walking speed increased from 0.96 m/s pre-operatively to 
1.16 m/s after 6-12 months. Since I2 equaled 0%, there was no sign of 
between-study heterogeneity.  
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Figure 4. Walking speed effect-sizes 6-12 months after knee arthroplasty 
bottom lines: overall effect-sizes, 95% CI 0.68-1.00 (with 9b), or 0.67-0.99 (with 9c) 
 

 
Figure 5 - Walking speed effect-sizes 13-60 months after knee arthroplasty 
overall effect-size, 95% CI 0.52-1.12; note that Berman41 followed two different 
groups 



66

The four studies with measurements more than 12 months post-
operatively were independent. Effects varied from non-significantly to 
significantly faster (Figure 5). The long-term effect-size equaled 0.82, there was 
no significant heterogeneity (Q = 3.2, P > 0.1), and a fixed model was used, 
which revealed the effect-size to be statistically significant (P < 0.001). In the 
studies used for this analysis, walking speed increased from 0.80 m/s pre-
operatively to 1.02 m/s more than 12 months post-operatively. I2 equaled 5.5%, 
implying low heterogeneity.31 

Rerunning the above analyses for rP-values 0.0-0.9 provided largely 
similar results. For the first five months post-operatively, heterogeneity was 
sometimes lower (70%-75% for rP 0.0-0.1), but still mostly "high". For later 
measurement times, ESs differed by not more than 7% from the initial 
estimates. The original calculations were used for the conclusion. For 6-12 
months post-operatively, heterogeneity was sometimes non-zero (3%-28% for 
rP 0.8-0.9), but still "low". There was, however, one noticeable difference, for 
13-60 months post-operatively, with heterogeneity turning from "low" to 
"moderate" (41%-54%) for rP 0.8-0.9. 
 
Meta-regression 
In the first five months post-operatively, between-study heterogeneity was high, 
and we performed univariate meta-regressions of post-operative time (months), 
age (years), distance walked (m), UKA vs. TKA (1 vs. 0), gender (% male), 
BMI, and pre-operative walking speed (m/s). We used the first post-operative 
measurements of the relevant studies. In the initial calculations (Table 2), the 
only significant factor was time (B = 0.39, P < 0.001), with larger effect-sizes at 
later times. Significant positive regression with time was also found in the 
reruns with correlations 0.0-0.9. 
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Table 2 - Meta-regression of effect-sizes 0.5-5 months post-operatively 
with number of comparisons used in the analysis (k), percentage between-study 
variance (I2), the regression coefficient (B), and its P-value (P); from papers with 
more than 1 short-term comparison, only the first one was selected 
 

 k I2 B P 

Time  10 85.3 0.39 < 0.001 

Age 10 85.3 -0.08 0.14 

Distance walked 10 85.3 -0.001 1.0 

UKA 10 85.3 0.63 0.12 

Gender (% male) 10 85.3 -0.001 0.99 

BMI 10 85.3 -0.05 1.0 

Initial speed 10 85.3 1.82 0.14 

  

 

For 6-12 months post-operatively, heterogeneity remained low upon 
recalculation. Therefore, we did not calculate a meta-regression for this time 
period.  

For measurements 13-60 months post-operatively, heterogeneity was 
low or moderate. This may warrant meta-regression, but34 there were only four 
studies. Still, the question remains if functional recovery lasts over time, or 
starts to decline later on. Meta-regression of time and time squared was 
performed for all last measurement points in the complete post-operative 
period. In the initial calculation, there was a positive effect of time (B = 0.06, P 
= 0.02) and a negative effect of time squared (B = -0.001, P = 0.02), suggesting 
an initial increase of the effect-size, but a small decrease later on. In all reruns, 
this pattern remained similar.  
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Discussion  
We performed meta-analyses of 16 studies of self-selected walking speed in 
419 patients with knee osteoarthritis before versus 0.5-5 (short-term), 6-12 
(mid-term), and 13-60 (long-term) months after unicompartmental or total 
knee arthroplasty. None of the studies used an untreated control group. 

In the short term, between-study heterogeneity was too large for a valid 
estimate of the overall effect-size. Mid-term heterogeneity was absent or low, 
and long-term was either low or moderate. In both latter measurement periods, 
patients walked 0.8 standard-deviations faster than pre-operatively (P < 0.001).  
In meta-regression of the short-term data, later measurement time coincided 
with more effect (P < 0.001). Moreover, meta-regression of the last 
measurement points of all studies revealed a positive effect of time, and a 
negative effect of time squared (both, P = 0.02), suggesting an initial increase 
over time, and a decrease later on.  
 
Causality 
The lack of randomized control implies that there was "no evidence from 
trials".48 Indeed, RCTs are relatively rare in surgery.49 Still, RCTs are certainly 
desirable to improve our understanding of the walking speed effects of 
arthroplasty. For the time being, we may conclude that patients walk faster 
after knee arthroplasty, while any causal inference would be beyond the present 
study. 
 
Large improvement 
Mid-term and long-term effect-sizes were in the order of 0.8 standard-
deviations. This is a "large" effect,50 and the question is: Do post-arthroplasty 
patients return to the level of their healthy peers? Walking speed in knee 
osteoarthritis was reported to be 0.16 m/s below that of healthy peers.9 In the 
present meta-analysis, it improved by 0.20-0.22 m/s, which does suggest that 
walking speed may normalize after knee arthroplasty. A difference of 0.1 m/s 
has been proposed as the minimum “meaningful” difference,10 and the average 
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improvement found was clearly larger. Still, reliable meta-analytic information 
on pre-operative walking speed in osteoarthritis patients vs. their healthy peers 
will be necessary to further evaluate the above suggestion of “normalization”. 
 
Rapid functional recovery 
Considerable short-term heterogeneity of effect-sizes was found. At later times, 
post-operative improvement reached a plateau, which is in agreement with the 
literature (e.g.,27), such as the observation of Gandhi et al., that outcomes of 
total knee replacement are "relatively constant for 3-4 years after surgery" (p. 
15)28. Clearly, different patients recover from the operation, or learn to walk 
with an artificial joint, at varying speeds before they reach a plateau. Hence, 
"rapid recovery"51-52 is a relevant topic for research. 
 Time was found to be a significant predictor of short-term functional 
recovery, but many potential predictors of post-operative walking speed were 
not mentioned often enough in the studies analyzed. There was a positive 
regression of UKA on initial recovery, but it did not reach significance. Post-
operative physical therapy may be beneficial 3-4 months post-operatively,53 but 
in the present meta-analysis, sufficiently precise information on post-operative 
regimens was not given in enough studies. In the literature, co-morbidity was 
reported to predict walking speed 2 months after the operation,54 but this 
correlation was no longer present when pre-operative walking speed was 
included in the model. In the present study, pre-operative co-morbidity was 
not reported sufficiently often, but initial speed had a positive regression on 
post-operative speed, again, however, without significance. 
 
Lasting functional recovery? 
As predicted, meta-regression over the last measurement points of all studies 
suggested a long-term decline of walking speed. Since the last measurement 
point may have had a large influence on this result (Figure 2), we recalculated 
the effects of time without this measurement after 60 months, and still found a 
positive effect of time (B = 0.17, P = 0.002), and a negative effect of time 
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squared (B = -0.006, P = 0.007). Hence, the present paper confirmed the 
existence of functional decline after a mid-term plateau.28 On the other hand, 
the number of long term measurement points was low. Another published 
study found that early functional advantages of UKA were retained 15 years 
post-operatively.29 Therefore, it still remains unclear which factors may 
enhance lasting functional recovery. 
 
Clinical relevance 
The present study is, to the best of our knowledge, the first meta-analysis of 
the effects of knee arthroplasty on walking speed. 
 Patients tend to have overoptimistic expectations of functional 
recovery after arthroplasty, and to underestimate recovery time.55 Moreover, it 
is not clear when exactly surgeons decide to recommend joint replacement,56 
and provider-patient agreement on the expected benefits and risks of knee 
replacement is often low.57 The present meta-analysis reveals that, on average, 
walking speed will increase considerably after knee arthroplasty, but this may 
take several months to occur. Moreover, in the long term, walking speed may 
decline again, which could be a sign of increasing co-morbidity.3 
 The physiology of comfortable walking speed remains largely unknown. 
Just as in breathing rate, it is easy to change walking speed at will, but, again 
like breathing rate, it is prone to fall back to its own intrinsic parameters. 
Walking speed is a fair predictor of, e.g., co-morbidity, atherosclerosis, 
inflammatory status, cognitive impairment, hospitalization, and even mortality,4 
and matches the predictive value of extensive clinical evaluation.4 Walking 
speed is certainly not specific, but it is easy to measure, provided this is always 
done with the exact same methodology,14 including, for instance, the amount 
of clutter in the walkway.58 
 Traditionally, UKA was used for older, inactive patients with medial 
knee osteoarthritis.59 To date, however, the boundaries have become blurred, 
and there is considerable overlap in indications for UKA or TKA.60 In the 



71

present meta-regression analysis, UKA led to somewhat better results than 
TKA, but not significantly so. This is in agreement with the literature.59  
 
Limitations 
Four databases were used (MEDLINE, Web of Science, the Cochrane Library, 
and PEDro) with a limited number of search terms. We may have missed 
relevant papers, authors who found no effects on walking speed may have 
refrained from reporting it, and other forms of publication bias cannot be 
excluded. Note, moreover, that the two authors who read the papers in detail 
did not do so independently. On the other hand, this was a relatively modest 
study, with straightforward results, that were in agreement with the clinical 
literature. 

There is still some debate in the literature on the appropriateness of 
using the standard Q-statistic in the choice for a random or a fixed effects 
model.61 In the present study, visual inspection of the graph, the standard Q, 
and I2, all led to the same classification of heterogeneous vs. non-
heterogeneous subsets of effect-sizes, suggesting that the specific calculation 
that was used did not affect main results.  

An important limitation of the present study is the lack of randomized 
controlled trials, which precluded causal interpretation. Correlations between 
pre- and post-test were never explicitly provided, but recalculations suggested 
that this omission did not affect the pattern of results. The number of studies 
analyzed was relatively low, and potentially relevant factors were often not 
mentioned, which made it impossible to reach any firm conclusions as to 
which factors enhance rapid or lasting functional recovery. 
 
  



72

Conclusion 
A meta-analysis of pre and post-arthroplasty walking speed revealed a large 
effect 6-60 months post-operatively. For the first 0.5-5 months post-
operatively, heterogeneity of effect-sizes precluded a valid estimate of short-
term effects. Hence, patients may expect a considerable improvement of their 
walking speed, which, however, may take several months to occur. Moreover, 
the analysis suggested a small decline from 13 months post-operatively 
onwards. Such a decline may be a sign of increasing co-morbidity. 
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Abstract 
 
Objective. Health professionals monitoring functional recovery after knee 
arthroplasty should discriminate between systematic changes over time, the 
normal day-to-day fluctuations of health, and unexpected deterioration. 
Design. Knee osteoarthritis patients were followed from pre-operatively (n = 16) 
to 6 weeks, 6 months, 1 year, and 2.5 years (n = 10) after knee replacement. 
Method. Four performance tests, three questionnaires, and pain were monitored. 
Linear mixed models were used to assess systematic changes over time, and to 
estimate long-term reliability / stability (“stability”). 
 Results. There was some initial deterioration in objective performance, and 
improvement presented itself earlier in the questionnaires. From 6 weeks post-
operatively onwards, scores improved, with a peak around 1 year post-
operatively. DynaPort Total and KSS Function had (very) low stability. 
WOMAC Function had moderate stability between neighbouring measurement 
points, which decayed when more distant time points were considered. SF-36 
function appeared to lose stability 6 weeks post-operatively, but had moderate 
to high stability at 6 months and later measurements points. Maximum walking 
speed had moderate stability throughout, whereas comfortable walking speed 
lost stability 6 weeks after the operation, but then returned to moderate or high 
values. Pain settled on a new pattern after the operation, with high stability. 
The maximum knee extension moment had moderate to high stability 
throughout. 
 Conclusion. Combining practical considerations with long-term reliability / 
stability led to recommending the use of comfortable walking speed (with a dip 
in reliability 6 weeks post-operatively), post-operative pain, WOMAC Function 
(but only for comparisons between subsequent visits) in monitoring functional 
recovery after knee arthroplasty, and, if possible, maximum knee extension. 
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Introduction 
In a large, longitudinal study, more than 25% of subjects aged 60 years and 
older developed knee osteoarthritis1(cf.2), and to date, the number of knee 
replacements per year is strongly increasing.3-6 Knee replacement for 
osteoarthritis leads to a considerable decrease of pain, but some pain may 
remain present.7,8 Functional recovery after knee replacement appears to be 
less conspicuous than the decrease of pain,7 and takes some time to present 
itself.9-11 Moreover, function may decline again after reaching a plateau.11,12 

The majority of patients with knee osteoarthritis have one or more 
forms of co-morbidity,13 such as problems with other joints,14 or metabolic 
syndrome and related diseases.15 Co-morbidity is an important determinant of 
functional decline in knee osteoarthritis,14,16,17 and the onset or worsening of a 
co-morbid condition after knee arthroplasty requires further attention. 
Moreover, after knee arthroplasty, problems with the prosthesis may develop, 
such as aseptic loosening or infection.6 Clearly, health professionals monitoring 
knee osteoarthritis patients after arthroplasty, should be aware of alarm signs. 
The literature on elderly subjects reveals that a decrease in comfortable walking 
speed predicts a decline of health and necessitates further clinical 
investigation.18-20 

What does it mean when patients scores change between subsequent 
visits? Apart from measurement error, health professionals who monitor 
functional recovery after knee arthroplasty are confronted with three sources 
of variance. First, systematic changes over time should be expected. Second, 
day-to-day fluctuations of function are normal, and should not worry the 
professional. Third, when deterioration occurs in a variable that normally 
remains stable, this constitutes an unexpected event that may announce a real 
decline of health. Knowledge of long-term reliability allows for discrimination 
between the second and the third source of variance. With linear mixed 
models,21-23 repeated measures can be combined to precisely estimate reliability. 
To the best of our knowledge, the long-term reliability of variables used to 
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monitor functional recovery after knee arthroplasty, has been insufficiently 
studied. 

A large number of measurement instruments have been developed to 
assess knee-related health.24-26 Such instruments at least evaluate pain and 
function. Function may be assessed subjectively, through questionnaires, or 
objectively, using specific tests. Subjective and objective variables have 
elements in common,27 but the two methods lead to different results, if only 
because patients may be over-optimistic in their questionnaire responses.10 
Generally, it is recommended to use both subjective and objective variables.28,29 
In the present study, we established the long-term reliability of several 
objective and subjective measures that may be used to monitor functional 
recovery after knee replacement. 

We followed a small cohort of patients from before, to 2.5 years after, 
knee arthroplasty. Four different performance tests were administered, three 
often-used questionnaires were selected, and pain was also assessed. Short-
term reliability30 was obtained from the literature (see Methods), and 
discriminative validity31 was established by comparing the pre-operative 
patients with a group of healthy peers. The study focused on the systematic 
changes over time in, and the long-term reliability of, each variable. Both were 
estimated with linear mixed models. Since we followed the patients from 
before to after an operation, we systematically refer to “long-term reliability / 
stability.” 

We attempted to recommend variables with high long-term reliability / 
stability for routine use in monitoring functional recovery after knee 
arthroplasty. The selection of a measurement instrument should be primarily 
determined by what it is one wants to measure, but this aspect of validity 
remained beyond the present study. By using instruments, we assumed 
sufficient validity of the instruments used in the present study. Note that 
practical considerations play a role in establishing routine practice, such as the 
presence of specific equipment or the time needed for specific measurements. 
These practical aspects are also outside the data of the present study, but still, 
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we have attempted to take them into account in formulating our 
recommendations. 
 
Methods 
Subjects 
 Knee osteoarthritis patients, waitlisted for total or unicompartmental knee 
arthroplasty, were informed about the study, and were recruited from two 
Departments of Orthopaedic Surgery. Exclusion criteria were: bilateral knee 
problems, revision surgery, other walking disorders, or problems with physical 
fitness. 16 Patienst and 12 age-, BMI-, and gender-matched healthy peers were 
recruited. The definitive intake was performed by an orthopaedic surgeon. The 
Medical Ethical Committee accepted the protocol, and participants signed an 
informed consent.  
 
Procedures 
Controls were measured once, while patients were seen pre-operatively, and 6 
weeks, 6 months, 1 year, as well as 2.5 years after the operation. Before each 
measurement session, participants received forms for the SF-36 and the 
WOMAC at their home. Each measurement started with an orthopaedic 
examination. If it was the first time the subject was seen, the surgeon 
established if the potential participant fulfilled the inclusion criteria. Moreover, 
in all measurement sessions the orthopaedic surgeon determined the KSS. The 
participants then went to the lab, where the knee extension moment was 
measured. Subsequently, the walking test was performed, after which the VAS 
form for pain after walking was filled-in. Finally, subjects went to the gym, in 
the same building, for the DynaPort KneeTest. 
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Performance tests 
Walking Speed. Subjects walked on a treadmill (Bonte Technology, 

Culemborg, The Netherlands) at 7 different speeds, from 0.6 km/h to 5.4 
km/h (increments 0.8 km/h). Each speed condition lasted 4 minutes. Subjects 
were encouraged to tell when treadmill speed was too high; if so, the belt was 
stopped, the preceding speed designated as “maximum walking speed”. 
Subjects were also asked if the current walking speed was more, or less, 
comfortable than the preceding one. The most comfortable speed was 
designated as “comfortable speed”. The literature reported short-term test-
retest ICCs of around 0.9 for comfortable walking speed in different patient 
groups, measured with different methodologies.32-34 The short-term reliability 
of maximum walking speed is not known.35 

Knee extension moment. For maximum isometric knee extension moment, 
a special chair was constructed,36 with an anterior frame parallel to the 60° 
flexed lower leg of the subject (Figure 1). A force transducer (KAP-E, 2 kN, 
200 Hz, AST, Dresden), with in-built amplifier, was connected to the frame at 
adjustable height. Weights of 0, 2, 4, 20, 40, 60, and 80 kg were used to 
calibrate the transducer. A pad behind the transducer allowed subjects to push 
by extending their knees. The subjects sat on the chair, their hips and knees in 
90° flexion, and their pelvis and trunk fixed with belts. Subjects were asked to 
bring their leg in 60° flexion, and the pad was fixed above the malleoli of the 
affected leg (controls: right leg) at comfortable height. The moment arm was 
measured. Then, subjects pushed the pad away for 3 seconds, as forcefully as 
they could, and the maximum force was registered. This was repeated three 
times per session, and the average was calculated. The literature gives ICCs of 
around 0.9 for similar measurements.37 
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Figure 1. Special chair for the measurement of the maximum isometric knee 
extension moment, with the transducer (solid arrow) and the pad (dashed arrow) 

 
DynaPort KneeTest. The DynaPort KneeTest (McRoberts, The Hague, 

The Netherlands) is a 29-item test to objectively assess knee-related functional 
abilities.38 Four sensors were strapped around the thorax, the left thigh, and the 
two shanks, with data stored in a portable recorder around the waist. The 
recorder box contained two more sensors. One of these measured sagittal, all 
others vertical acceleration. Subjects performed standardized tasks at their own 
pace, such as walking 9 metres, climbing / descending a slope, or carrying a 
bag / a tray. An item was skipped if considered too difficult (score: 0). 
Otherwise, scores, up to 100, were calculated from the acceleration signals,39 
with higher scores reflecting better performance. We used the Total score, as 
well as the Locomotion subscore, calculated as weighted average of the 
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relevant items. After removing redundant items, Mokkink et al.,39 reported a 
short-term ICC of 0.94 for the Locomotion subscore, and 0.95 for the Total 
score. 
 
Function questionnaires, and pain 

Knee Society Scores. Knee Society Scores (KSSs)40 combine surgeon 
assessment of the knee, i.e., range of motion, extension lag, alignment, and 
anterioposterior / mediolateral stability, with self-reported use of walking aids 
(such as crutches), problems with stair climbing, distance that can be walked, 
and pain. The Function score combines all patient-reported information. 
Points are assigned to each outcome,40 and scores are calculated, from 0 (worst) 
to 90 (best). We used our own translation. KSSs are widely used,41,42 but remain 
under-researched. With a 2-hour interval, considerable test-retest variance was 
reported41, but, to the best of our knowledge, no ICCs for short-term test-
retest reliability have been published. For total KSS, a very low, not significant, 
correlation was found between pre-operative values and values one year after 
knee replacement.43 

SF-36. The SF-36 is a widely used and well-studied 36 item 
questionnaire to assess health-related quality of life.44 Item scores are linearly 
converted into a scale from 0 to 100, with higher scores indicating higher 
quality of life. We used a validated Dutch translation of the standard version of 
the SF-36, inquiring about the last four weeks, and calculated the Physical 
Function subscore.45 In one study, patients filled-in the SF-36 just before knee 
arthroscopy and gave their recollection of these scores two weeks later, which 
resulted in an ICC for Physical Function of 0.81.46 In subjects with locomotor 
disorders, whose health had not changed during 1-6 weeks,47 the long-term 
ICC of SF-36 Function was 0.74. In a study of patients with focal defects in 
their knee cartilage,48 the ICC was 0.90 over 6 months, and 0.97 over 12 
months. 

WOMAC. Also the WOMAC is a widely used and well-studied 
questionnaire.49 It was developed to assess osteoarthritis-related quality of life.50 
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We used a validated Dutch translation51 for WOMAC Function, with each item 
rated from 0 (best) to 4 (worst). Scores were standardized to have a maximum 
of 100. An ICC of 0.92 was reported for WOMAC Function, with 8 to 22 days 
between two pre-arthroplasty measurements.51 The above mentioned study on 
focal defects in knee cartilage48 reported ICCs of 0.93 for WOMAC Function 
over 6 months, and 0.86 over 12 months. 

Pain. Pain intensity after walking was determined with a 100 mm Visual 
Analogue Scale (VAS), with a Dutch translation of “no pain at all” at the 
extreme left, and “maximum pain” at the extreme right. VAS scales for current 
pain are widely used, and have been studied extensively.52 In general, high ICCs 
were reported, e.g., 0.93 in low back pain patients before and after visiting the 
general physician,53 and 0.83 for pain after aggravating activities in patients with 
patellofemoral pain whose second score was obtained within 7 days of the 
first .54 

 
Statistical analysis 

Discriminative validity. For all dependent variables, the effects of Group 
(pre-operative patients vs. healthy peers) were assessed with unpaired t-tests, 
with “borderline significance” (0.05  P < 0.10) as minimum requirement for 
further analysis. For ease of interpretation, we also expressed the magnitude of 
each group difference as Effect-Size, that is, the difference between the mean 
value of the healthy peers and the pre-operative patients divided by the pooled 
standard-deviation of the two groups.55 

Systematic effects of time. In monitoring functional recovery after Knee 
Arthroplasty, the systematic effects of time have to be taken into account. We 
used linear mixed models with “time” as fixed factor. For the selection of the 
most appropriate covariance structure, the minimum value of Akaike’s 
information criterion was identified.56 This resulted in the selection of 
“compound symmetry” (assuming constant correlations between measurement 
points) for maximum walking speed, DynaPort Total, and KSS Function, 
“Toeplitz heterogeneous” (correlations depending on the relative time distance 
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between measurement points, while allowing for different variances) for 
WOMAC Function, and “unstructured” (no assumptions) for comfortable 
walking speed, knee extension moment, SF-36 Function, and pain. All 
measurement points were included in the calculation of the P-value of the 
overall effect of time. Then, Least Significant Differences were used to 
calculate the P-values of the difference between each separate post-operative 
measurement point and the pre-operative values. Again for ease of 
interpretation, differences with pre-operative values were also expressed as 
Effect-Size (ES), in this case, the difference between the mean values at the 
two measurement points divided by the patients’ pre-operative standard-
deviation. 

Long term reliability / stability. A major advantage of linear mixed models 
is that measurement points in-between can be included to calculate long-term 
reliability / stability. In this way, correlations were estimated from pre-
operatively onwards, from after 6 weeks onwards, etc. These correlations are 
not affected by systematic effects of time, and should be interpreted as Pearson 
correlations. Values higher than 0.7 were designated as “high”, lower values 
still above 0.5 as “moderate”, still lower values higher than 0.3 as “low”, and 
remaining values as “very low”. SPSS 18.0 was used for all statistical analyses. 
The threshold for significance was set at P < 0.05.  
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Results 
The main characteristics of participants are presented in Table 1. Of the 16 
pre-operative patients, two withdrew after the pre-operative measurement, one 
because her cardiovascular problems led to cancelling knee replacement, and 
one because he found the measurement sessions too long. At 2.5 years, there 
were four more drop-outs, because of co-morbidity (two) or serious illness in 
the family (two). Pre-operatively, the determination of maximum knee 
extension moment failed in one patient. 
 
Table 1 Subject characteristics of the knee osteoarthritis (OA) patients and the 
controls 
  

Group N
Gender Age (years) Height (cm) Weight (kg) BMI

m / fa mean SD mean SD mean SD mean SD

OA Patients 16 5 / 11 62.3 10.7 169.7 11.6 85.9 16.4 29.7 4.1

Healthy Peers 12 5 / 7 62.0 12.6 171.7 10.2 86.9 17.2 29.4 4.9

 
a  m / f: male / female 
 
 

Discriminative validity 
In all variables except the DynaPort KneeTest, the difference between the 
patients’ pre-operative values and those of the healthy peers was significant 
(unpaired t-tests, Table 2), with absolute effect sizes ranging from 0.9 
(maximum knee extension moment) to 4.3 (SF36 Function). For the DynaPort 
Total score, the p-value of the group difference was 0.06 (borderline 
significant), and for the Locomotion subscore 0.13 (not significant). We left 
out DynaPort Locomotion from further analysis. 
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Table 2 Pre-operative values of the dependent variables in patients and controls, 
the P-value of their difference (t-test), and the difference expressed as effect-size 

 

Outcome measures Patients Healthy Peers P Effect-size 
mean SD mean SD 

Walking speed (km/h)       

Maximum 3.4 1.7 5.3 0.2 .00 1.5 

Comfortable 2.6 1.6 4.5 0.7 .00 1.5 

Knee extension moment (Nm) 69.7 60.1 124.7 58.5 .03 0.9 

DynaPort KneeTest (points)    

Total 34.8 18.1 49.8 22.8 .06 0.7 

Locomotion 38.6 18.2 50.4 21.4 .13 0.6 

KSS (points)    

Function 37.2 16.9 88.3 5.8 .00 3.8 

WOMAC (points)    

Function 57.5 18.7 1.6 3.7 .00 -4.0a 

SF36 (points)    

Physical function 32.3 16.7 91.9 8.7 .00 4.3 

Pain (mm) 49.9 28.8 1.0 0.9 .00 -2.2a 
 

a Here, better values are lower, and a negative effect-size implies 
improvement 

 
 
Systematic effects of time 
The linear mixed models that included all measurement points revealed 
significant improvement over time on all outcome measures, except Pain 
(Table 3, Figures 2-4). In the pairwise comparisons of post-operative 
measurement points with the pre-operative values (Least Significant 
Differences), significant improvement was found in WOMAC Function after 6 
weeks, also in DynaPort Total, KSS Function, and SF-36 Function after 6 
months, after 1 year also in Knee Extension Moment, and Pain, and at 2.5 
years also in Maximum Walking Speed. Comfortable Walking Speed was the 
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only variable without significant improvement in the pairwise pre-post 
comparisons.  

Negative Effect-Sizes were found after 6 weeks in both walking speed 
measures and the maximum knee extension moment, but none of these values 
was significantly different from pre-operatively. Effect-Sizes generally 
increased over time, but decreased between 1 and 2.5 years on DynaPort Total, 
KSS Function, and WOMAC Function. None of these decreases were 
significant. Effect-Sizes  1 were found after 1 year for DynaPort Total and all 
questionnaires, and after 2.5 years also for Pain.  

 

Figure 2 Comfortable and maximum walking speed in the two groups pre-
operatively (left of the vertical line), and changes after knee replacement in the 
patient group. Error bars represent standard-deviations. 
* significantly different (P < 0.05) from pre-operative patient values (Least 

Significant Difference in the linear mixed model) 

c not significantly different (P  0.05) from the controls (independent t-tests) 
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Table 3 Mean values (SD) in the patient group 6 weeks, 6 months, 1 year, and 2.5 
years after knee replacement, the P-value for each measurement point that was 
significantly different from pre-operatively (bold), the difference with the mean value 
pre-operatively (cf. Table 2) expressed as effect-size (ES), and the P-value of the 
overall effect of time in a linear mixed modela  
 

Outcome 
measure 

6 weeks 6 months 1 year 2.5 years time 

mean SD ES mean SD ES mean SD ES mean SD ES P 

Walking speed (km/h)            

Maximum 2.9 1.6 -0.3 4.0 1.3 0.3 4.1 1.7 0.4 4.6 1.1 0.7 .01CS

          P = .03   

Comfortable 2.4 1.1 -0.1 3.0 1.0 0.3 3.1 1.3 0.4 3.4 1.3 0.6 .01UN

Knee extension              

moment (Nm) 58.7 32.9 -0.2 87.1 59.1 0.3 103.7 75.4 0.6 120.0 69.3 0.9 .00UN

       P = .02  P = .002   
DynaPort KneeTest             

(points) Total 35.0 18.1 0.01 45.2 15.0 0.6 63.5 11.0 1.6 53.2 19.3 1.0 .00CS

    P = .04  P = .000  P = .003   

KSS (points)              

Function 47.5 22.5 0.6 53.9 19.9 1.0 61.4 22.2 1.4 54.0 28.3 1.0 .01CS

    P = .02  P = .001  P = .02   
WOMAC (points)             

Function 44.6 19.6 -0.7 34.7 19.6 -1.2 27.3 23.3 -1.6 31.4 32.3 -1.4 .01TPH

 P = .01  P = .001  P = .000  P = .02   

SF36 (points)              

Physical function 36.4 20.4 0.2 52.5 23.6 1.2 55.0 21.4 1.4 57.0 26.9 1.5 .01UN

    P = .01  P = .004  P = .02   

Pain (mm) 34.9 36.1 -0.5 32.1 37.6 -0.6 26.0 32.2 -0.8 21.5 28.8 -1.0 .07UN

       P = .02  P = .02   
 
a CS Compound Symmetry 
 TPH Toeplitz Heterogeneous 
 UN Unstructured 
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Figure 3 Maximum knee extension moment in the two groups pre-operatively (left 
of the vertical line), and changes after knee replacement in the patient group. See 
Figure 2 
 

 

Figure 4 Pain in the two groups pre-operatively (left of the vertical line), and 
changes after knee replacement in the patient group. See Figure 2 
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Long term reliability / stability 
Model selection led to assuming constant correlations (“compound symmetry”) 
in three variables (Table 4), with a moderate value for Maximum Walking 
Speed, a very low value for DynaPort Total, and a low value for KSS Function. 
Correlations depended on relative time distance (“Toeplitz”) for WOMAC 
Function, with a moderate value between first neighbours, a low value between 
second, and a very low value between third neighbours. 
 The variables for which no correlation structure could be determined 
(“unstructured”) each had a different pattern. For Comfortable Walking Speed, 
values were low between pre-operatively and after 6 weeks or 6 months, and 
moderate between pre-operatively and after 1 year, and between 6 weeks and 1 
or 2.5 years post-operatively. The other values were high. Maximum Knee 
Extension Moment had moderate long-term reliability / stability between pre-
operatively and after 6 weeks or 6 months, and otherwise high values. 

For Pain, all correlations with pre-operatively were low or very low, 
whereas all post-operative values were high. Finally, SF-36 Function had a 
moderate correlation between pre-operatively and after 6 weeks, as well as 
between 6 months and 2.5 years post-operatively. Between 6 months and 1 
year post-operatively, as well as between 1 year and 2.5 years, values were high. 
The other correlations with pre-operatively were very low, between 6 weeks 
post-operatively and later values even negative, with low or very low absolute 
values. 
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Table 4 Long-term reliability / stability in the linear mixed models (bold for values > 
0.7)  
 

Maximum Walking Speed (CS) Comfortable Walking Speed (UN) 

  Pre 6 w 6 m 1 y Pre 6 w 6 m 1 y 

6 w .57   .37    
6 m .57 .57  .47 .82   
1 y .57 .57 .57  .69 .53 .77  
2.5 y .57 .57 .57 .57 .78 .57 .85 .85 
          

Knee Extension Moment (UN) DynaPort Total (CS) 

 Pre 6 w 6 m 1 y Pre 6 w 6 m 1 y 

6 w .58   .26    
6 m .65 .84  .26 .26   
1 y .75 .88 .93  .26 .26 .26  
2.5 y .79 .86 .93 .97 .26 .26 .26 .26 
          

KSS Function (CS) WOMAC Function (TPH) 

  Pre 6 w 6 m 1 y Pre 6 w 6 m 1 y 

6 w .36   .70    
6 m .36 .36  .38 .70   
1 y .36 .36 .36  .22 .38 .70  
2.5 y .36 .36 .36 .36 .34 .22 .38 .70 
         

SF36 Physical Function (UN) Pain (UN) 

  Pre 6 w 6 m 1 y Pre 6 w 6 m 1 y 

6 w .61   .42    
6 m .28 -.11  .14 .81   
1 y .16 -.32 .89  .28 .92 .80  
2.5 y .13 -.26 .53 .75 .08 .80 .89 .91 
         

CS Compound Symmetry 
TPH Heterogeneous Toeplitz 
UN Unstructured 

w Weeks after KR 
m Months after KR 
y Year/s after KR 
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Discussion 
We followed a group of knee osteoarthritis patients from before until 2.5 years 
after knee arthroplasty, with 8 different variables to assess function, i.e., 
maximum and comfortable walking speed, the maximum knee extension 
movement, the DynaPort KneeTest, the KSS, WOMAC, and SF-36 Function 
scores, and pain after a walking experiment. All variables discriminated the pre-
operative patients significantly from a group of healthy peers, except the 
DynaPort KneeTest, which had borderline significance for the Total score, and 
no significance for the Locomotion subscore, and we removed DynaPort 
Locomotion from further analysis. Using linear mixed models, we assessed 
systematic changes over time in, and the long-term reliability / stability of, all 
remaining variables. 
 
Systematic effects of time 
Health professionals who monitor patient function after knee arthroplasty have 
to take the systematic changes over time into account. We observed some 
initial deterioration in both walking speed measures and maximum knee 
extension moment 6 weeks post-operatively, but none of the values was 
significantly different from pre-operatively. Knee arthroplasty will have 
different initial effects in different patients, with a different time course of 
recovery (e.g.,11), and initial deterioration of objective function may be normal. 

In line with previous studies, post-operative functional improvement 
presented itself in the questionnaires first.28,57 Patients may overestimate their 
initial post-operative abilities, perhaps because they have less pain58 (cf.59), or 
because they are initially too optimistic about the effects of knee 
replacement10,28 (cf.27). 

Scores improved, and continued to improve, between 6 weeks and 1 
year post-operatively (Table 3). In the linear mixed models that used all 
measurement points, all variables, except pain, revealed a significant overall 
effect of time, and in all variables, except walking speed, scores after 1 year 
were significantly better than the pre-operative scores. A similar peak 1 year 
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post-operatively was observed after knee revision surgery.60 For health 
professionals monitoring patients after knee arthroplasty, this pattern implies 
that improvement may be expected not later than 6 months after the operation, 
and should clearly present itself after 1 year, (cf.11), but differently so in 
different variables.  

Most variables continued to improve between 1 and 2.5 years post-
operatively. Still, patients’ functional scores may deteriorate after a while,11,12 
and in the present study, this was observed between 1 and 2.5 years post-
operatively in DynaPort Total, KSS Function, and WOMAC function. At the 
group level, none of these deteriorations were significant. Note, however, that 
4 patients dropped out between the 1 year and the 2.5 years measurement 
points. 

 
Long term reliability / stability 
DynaPort Total had a very low long-term reliability / stability throughout. 
From the literature, DynaPort Total is known to have high short-term 
reliability, and this discrepancy may appear to be puzzling. Perhaps, the speed 
to perform discrete tasks, as in the DynaPort test, is relatively sensitive to 
fluctuations, such as having an “off day”. At the level of the group as a whole, 
DynaPort Total clearly showed recovery (Table 3), but at the individual level, it 
may not be suited to monitor the individual patient after knee arthroplasty. 
 The long-term reliability / stability of KSS function was low, again 
throughout the study. Since no short-term reliability of KSS Function is known, 
this result is hard to interpret, but KSS function appears to be another variable 
that reveals changes over time at the group level, but is not suited to monitor 
individual functional recovery. KSSs are often used by orthopaedic surgeons, 
but the relevance of the scores in monitoring the individual patient after knee 
arthroplasty remains unclear. Note that a very low long-term predictive value 
of KSS scores was reported before.43 

In WOMAC Function, the values of neighbouring measurement points 
were moderately correlated, but this correlation decayed to low or very low 
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values at larger relative distances in time. A high correlation after a few weeks 
was reported before.51 Clearly, if WOMAC Function has considerably 
deteriorated after the previous visit, this constitutes an unexpected event, 
probably requiring further attention. On the other hand, WOMAC Function 
appears to be a poor predictor of long-term changes after knee arthroplasty. 
This is different from the literature, where ICCs in the order of 0.9 were 
reported after 6 or 12 months,48 but that was in patients where no major 
change occurred, while our patients underwent knee arthroplasty. Note that 
the WOMAC is easy to administer, and its routine use appears to be useful to 
detect sudden changes between subsequent visits. 

In SF-36 Function, a moderate correlation was found between pre-
operatively and after 6 weeks, perhaps revealing that the initial optimism was 
still present (cf.10), whereas correlations between pre-operatively and later 
measurement points were very low. At 6 weeks post-operatively SF-Function 
had low stability, whereas from 6 months post-operatively, it appeared to 
restabilize itself, with moderate to high long-term reliability / stability. Both 
WOMAC Function and SF-36 Function show similar recovery at the group 
level, but in the detection of potentially meaningful sudden deterioration, it is 
unclear which advantage SF-36 Function would have over WOMAC Function. 

Moderate correlations were found for maximum walking speed 
throughout the study. Notwithstanding the fact that its short-term reliability is 
unknown, this suggests that a sudden deterioration of maximum walking speed 
constitutes an unexpected event. On the other hand, we measured maximum 
walking speed on a treadmill, which is not suitable for routine use. And the 
pattern of correlations for comfortable walking speed appeared to be more 
interesting. 

For comfortable walking speed, correlations between pre-operatively 
and values 6 weeks of 6 months post-operatively were low, suggesting that the 
operation presented itself as a random perturbation of comfortable walking 
speed, with different patients responding differently. All correlations with later 
measurement points were moderate or high, with a high value between pre-
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operatively and 2.5 years afterwards. Apparently, the pre-operative structure of 
inter-individual differences returned one year post-operatively. Kramers-de 
Quervain et al.,61 observed a similar stability from before knee arthroplasty 
until two years later. The present study reveals that such stability cannot be 
expected within six weeks after the operation. After that time, a decrease in 
comfortable walking speed constitutes an unexpected event. We know that the 
majority of knee osteoarthritis patients have one or more forms of co-
morbidity,13,15 most of which reduce walking speed,17,62 and we know from the 
literature that a decrease in comfortable walking speed is a predictor of 
declining health, possible hospitalization, or even death.18-20 Thus, a sudden 
decrease in comfortable walking speed requires further attention. It is relatively 
easy to measure, and we recommend its routine use in monitoring recovery 
after knee arthroplasty (cf.63,64). 
 For pain, pre-post correlations were invariably low or very low, 
whereas post-post correlations were high without exception. This suggests that 
our patient group settled on a new, stable pattern of pain scores after the 
operation. Since pain is a major indication for knee arthroplasty, it is highly 
likely that pain is used routinely in post-operative monitoring, and to 
recommend it, is probably superfluous. The present study shows that a sudden 
post-operative increase of pain would be an unusual deviation of normal 
development, and the literature reveals that it may be indicative of problems 
with the prosthesis.6 Note, moreover, that pain may also develop in other 
joints.14 

For maximum knee extension moment, correlations were moderate to 
high throughout the study. Interestingly, this appears to suggest that the 
maximum knee extension moment is relatively insensitive to inter-individual 
differences in post-operative recovery. In the elderly, low knee extension 
strength predicts a decrease in walking speed,65 and maximum knee extension 
appears to be an attractive variable to use in monitoring patients after knee 
arthroplasty. Note that reliable measurement of knee extension strength 
requires special equipment. 
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A final note. The highest long-term reliability / stability was found in 
the objective variables. Combined with the fact that questionnaire scores 
changed first after the operation, this suggests that the objective variables 
represent some deeper layer of organisation, slower to change, but if change 
occurs, it may be telling more. 
 
Limitations 
The study was performed with a small number of subjects in two different 
departments of orthopaedic surgery, and replication will be needed before 
generalization will be possible. Moreover, 1 year post-operatively, four post-
operative subjects dropped out, which may have biased results after 2.5 years. 
 
Conclusion 
DynaPort Total and KSS Function had (very) low long-term reliability / 
stability. Combining long-term reliability / stability data with practical 
considerations led to recommend the use of comfortable walking speed (with a 
dip in reliability 6 weeks post-operatively), post-operative pain, WOMAC 
Function (but only for comparisons between subsequent sessions), and, if 
possible, maximum knee extension moment in monitoring functional recovery 
after knee arthroplasty. 
 
  



99

Competing interests 
None declared. 
 
Contributors 
NvdD and OGM designed the whole research programme. NvdD, HAB, 
HFRY, and OGM performed the measurement. DLK and JHvD set-up the 
measurement protocol for the present project. HAB, HRFY, OGM, DLK, and 
JHvD analysed the data. All authors were involved in drafting the paper, and 
confirmed the final version to be published. 
 
Acknowledgements 
We particularly thank the subjects for their enthusiastic cooperation, Otto (AB) 
Stibbe for his help in recruiting patients, and the Department of Orthopaedic 
Surgery of the VU University Hospital, as well as Erwin van Wegen for their 
facilitation of the actual measurements. Grants were received from Biomet 
Nederland, and we thank Hans van den Berg for the many stimulating 
discussions we had. 



100

References 
1. Felson DT, Naimark A, Anderson J, Kazis L, Castelli W, Meenan RF. The prevalence 

of knee osteoarthritis in the elderly: The Framingham Osteoarthritis Study. Arthritis 
Rheum 1987; 30:913-8. 

2. Gelber AC. Knee pain and osteoarthritis: Lessons learned and lessons to be learned. 
Ann Intern Med 2011; 155:786-7. 

3.  Nguyen US, Zhang Y, Zhu Y, Niu J, Zhang B, Felson DT. Increasing prevalence of 
knee pain and symptomatic knee osteoarthritis: Survey and cohort data. Ann Intern 
Med 2011; 155:725-32. 

4.  Culliford DJ, Maskell J, Beard DJ, Murray DW, Price AJ, Arden NK. Temporal 
trends in hip and knee replacement in the United Kingdom 1991 to 2006. J Bone 
Joint Surg Br 2010; 92:130-5. 

5. CDC (Centers for Disease Control and Prevention. National Center for health 
Statistics). QuickStats: Rate of total knee replacement for persons aged  65 years, by 
sex-United States, 1979-2002. MMWR Morb Mortal Wkly Rep 2005; 54:179. 

6. Carr AJ, Robertsson O, Graves S, Price AJ, Arden NK, Judge A, Beard DJ. Knee 
replacement. Lancet 2012; 379:1331-40. 

7. Callahan CM, Drake BG, Heck DA, Dittus RS. Patient outcomes following 
tricompartmental total knee replacement: A meta-analysis. JAMA 1994; 271; 1349-57. 

8. Beswick AD, Wylde V, Gooberman-Hill R, Blom A, Dieppe P. What proportion of 
patients report long-term pain after total hip or knee replacement for osteoarthritis? 
A systematic review of prospective studies in unselected patients. BMJ Open 2012; 
Feb 22, e000435. 

9.  Aarons H, Hall G, Hughes S, Salmon P. Short-term recovery from hip and knee 
arthroplasty. J Bone Joint Surg Br 1996; 78:555-8. 

10.  Mannion AF, Kämpfen S, Munzinger U, Kramers-de Quervain I. The role of patient 
expectations in predicting outcome after total knee arthroplasty. Arthritis Res Ther 
2009; 11:R139. 

11. Abbasi-Bafghi H, Fallah-Yakhdani HR, Meijer OG, De Vet HCW, Bruijn SM, Yang 
LY, Knol DL, Van Royen BJ, Van Dieën JH. The effects of knee arthroplasty on 
walking speed: A meta-analysis BMC Musculoskelet Disord 2012; 13:66. 

12. Gandhi R, Dhotar H, Razak F, Tso P, Davey JR, Mahomed NN. Predicting the 
longer term outcomes of total knee arthroplasty. Knee 2010a; 17:15-8. 

13.  Stang PE, Brandenburg NA, Lane MC, Kerikangas KR, Von Korff MR, Kessler RC. 
Mental and physical comorbid conditions and days in role among persons with 
arthritis. Psychosom Med 2006; 68:152-8. 

14.  White DK, Felson DT, Niu J, Nevitt MC, Lewis CE, Torner HC, Neogi T. Reasons 
for functional decline despite reductions in knee pain: The multicenter Osteoarthritis 
Study. Phys Ther 2011; 91:1849-56. 

15. Gandhi R, Razak F, Davey R, Mahomed NN. Metabolic syndrome and the functional 
outcomes of hip and knee arthroplasty. J Rheumatol 2010b; 37: 1917-22. 

16.  Groll DL, To T, Bombardier C, Wright JG. The development of a comorbidity index 
with physical function as the outcome. J Clin Epidemiol 2005; 58:595-602. 

17.  Van Dijk GM, Veenhof C, Schellevis F, Hulsmans H, Bakker JP, Arwert H, Dekker 
JH, Lankhorst GJ, Dekker J. Comorbidity, limitations in activities and pain in patients 
with osteoarthritis of the hip or knee. BMC Musculoskelet Disord 2008; 9:95.  

18.  Studenski S, Perera S, Patel K, Rosano C, Faulkner K, Inzitari M, Brach J, Chandler J, 
Cawthon P, Connor EB, Nevitt M, Visser M, Kritchevsky S, Badinelli S, Harris T, 



101

Newman AB, Cauley J, Ferrucci L, Guralnik J. Gait speed and survival in older adults. 
JAMA 2011; 305:50-8. 

19.  Cesari M. Role of gait speed in the assessment of older patients. JAMA 2011, 305:93-
4.  

20.  Stanaway FF, Gnjidic D, Blyth FM, Le Couteur DG, Naganathan V, Waite L, Seibel 
MJ, Handelsman DJ, Sambrook PN, Cumming RG: How fast does the Grim Reaper 
walk? Receiver operating characteristics curve analysis in healthy men aged 70 and 
over. BMJ 2011; 343:d7679. 

21. Vangeneugten T, Laenen A, Geys H, Renard D, Molenberghs G. Applying linear 
mixed models to estimate reliability in clinical trial data with repeated measurements. 
Control Clin Trials 2004; 25:13-30. 

22.  Moolenberghs G, Laenen A, Vangeneugten T. Estimating reliability and 
generalizability from hierarchical biomedical data. J Biopharm Stat 2007; 17:595-627, 

23.  Laenen A, Alonso A. The Functional Living Index-Cancer: Estimating its reliability 
based on clinical data. Qual Life Res 2010; 19:103-9. 

24.  Garratt AM, Brealey S, Gillespie WJ. Patient-assessed health instruments for the knee: 
A structured review. Rheumatol 2004; 43:1414-23. 

25.  Strattford PW, Kennedy DM, Woodhouse LJ. Performance measures provide 
assessments of pain and function in people with advanced osteoarthritis of the hip or 
knee. Phys Ther 2006; 86:1489-96. 

26.  Terwee CB, Mokkink LB, Steultjens MPM, Dekker J. Performance-based methods 
for measuring the physical function of patients with osteoarthritis of the hip or knee: 
A systematic review of measurement properties. Rheumatol 2006a; 45:890-902. 

27.  Coman L, Richardson J. Relationship between self-report and performance measures 
of function: a systematic review. Can J Aging 2006; 25(3):253-70.  

28. 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 patent-report assessments: A longitudinal analysis of 
outcomes. J Arthroplasty 2011; 26:728-37. 

29.  Davis AM. Osteoarthritis year in review: Rehabilitation and outcomes. Osteoarthritis 
Cartilage 2012; 20:201-6. 

30.  Shrout PE, Fleiss JL. Intraclass correlations: Uses in assessing rater reliability. Psychol 
Bull 1979; 86:420-28. 

31.  Zwerver J, Kramer T, Van den Akker-Scheek I. Validity and reliability of the Dutch 
translation of the VISA-P questionnaire for patellar tendinopathy. BMS 
Musculoskslet Disord 2009; 10:102. 

32. Van Loo MA, Moseley AM, Bosman JM, De Bie RA, Hassetts L. Test-re-test 
reliability of walking speed, step length and step width measurement after traumatic 
brain injury: A pilot study. Brain Inj 2004; 18:1041- 8. 

33. Sherrington C, Lord SR. Reliability of simple portable tests of physical performance 
in older people after hip fracture. Clin Rehabil 2005; 19:496-504. 

34. Wittwer JE, Webster KE, Andrews PT, Menz HB. Test-retest reliability of spatial and 
temporal gait parameters of people with Alzheimer's disease. Gait Posture 2008; 
28:392-6. 

35. Rydwik E, Bergland A, Forsén L, Frändin K. Investigation into the reliability and 
validity of the measurement of elderly people’s clinical walking speed; A systematic 
review. Physiother Theory Pract 2011; 28:238-56. 



102

36. Amundsen LR (1990). Isometric muscle strength testing with fixed-load cells. In: 
Amundsen LR (ed.) Muscle Strength Testing: Instrumented and Non-instrumented 
Systems. New York, NY: Churchill Livingstone, 1990, pp. 89-112. 

37.  Verkerke GJ, Lemmink KAPM, Slagers AJ, Westhoff MH, Van Riet GAJ, Rakhorst 
G. Precision, comfort and mechanical performance of the Quadriso-tester, a 
quadriceps force measuring device. Med Biol Eng Comput 2003; 41:283-289. 

38. Van den Dikkenberg N, Meijer OG, Van der Slikke RMA, Van Lummel RC, Van 
Dieën JH, Pijls B, Benink RJ, Wuisman PI. Measuring functional abilities of patients 
with knee problems: Rationale and construction of the DynaPort knee test. Knee 
Surg Sports Traumatol Arthrosc 2002; 10:204-12. 

39.  Mokkink LB, Terwee CB, Van der Slikke RMA, Van Lummel RC, Benink RJ, Bouter 
LM, de Vet HC. Reproducibility and validity of the DynaPort KneeTest. Arthritis 
Rheum 2005; 53:357-63. 

40.  Insall JN, Dorr LD, Scott RD, Scott WN. Rationale of the Knee Society clinical 
rating system. Clin Orthop 1989; 248:13-4. 

41. Liow RYL, Walker K, Wajid MA, Bedi G, Lennox CM. The reliability of the 
American Knee Society Score. Acta Orthop Scand 2000; 71:603-8. 

42. Lingard EA, Katz JN, Wright J, Wright EA, Sledge CB, Kinemax Outcomes Group. 
Validity and responsiveness of the Knee Society Clinical Rating System in 
comparison with the SF-36 and WOMAC. J Bone Joint Surg 2001; 83A:1856-64. 

43. Brandes M, Ringling M, Winter C, Hillmann A, Rosenbaum D. Changes in physical 
activity and health-related quality of life during the first year after total knee 
arthroplasty. Arthritis Care & Research 2011; 63:328-34. 

44. Ware JE, Sherbourne CD. The MOS 36-item Short-Form Health Survey (SF-36): I. 
Conceptual framework and item selection. Med Care 1992; 30:473-83. 

45. Aaronson NK, Muller M, Cohen PDA, Essink-Bot M-L, Fekkes M, Sanderman R, 
Sprangers MAG, Te Velde A, Verrips E. Translation, validation, and norming of the 
Dutch language version of the SF-36 health survey in community and chronic disease 
populations. J Clin Epidemiol 1998; 51:1055-68. 

46. Bryant D, Norman G, Stratford P, Marx RG, Walter SD, Guyatt G. Patients 
undergoing knee surgery provided accurate ratings of preoperative quality of life and 
function 2 weeks after surgery. J Clin Epidemiol 2006; 59:984-93. 

47. Beaton DA, Hoog-Johnson S, Bombardier C. Evaluating changes in health status: 
Reliability and responsiveness of five generic health status measures in workers with 
musculoskeletal disorders. J Clin Eipdemiol 1997; 50:79-93. 

48.  Greco NJ, Anderson AF, Mann BJ, Cole BJ, Farr J, Niossen CW, Irrgang JJ. 
Responsiveness of the International Knee Documentation Committee Subjective 
Knee Form in comparison to the Western Ontario and McMaster Universities 
Osteoarthritis Index, modified Cincinnati Knee Rating System, and Short Form 36 in 
patients with focal articular cartilage defects. Am J Sports Med 2010; 38:891-902. 

49.  McConnell S, Kolopack P, Davis AM. The Western Ontario and McMaster 
Universities Osteoarthritis Index (WOMAC): A review of its utility and measurement 
properties. Arthr Care Res 2001; 45:453-61. 

50.  Bellamy N, Buchanan WW, Goldsmith CH, Campbell J, Stitt LW. 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 1988; 15:1833-40. 

51.  Roorda LD, Jones CA, Waltsz M, Lankhorst GJ, Bouter LM, Van der Eijken JW, 
Willems WJ, Heyligers IC, Voaklander DC, Kelly KD, Suarez-Almazor ME. 



103

Satisfactory cross cultural equivalence of the Dutch WOMAC in patients with hip 
osteoarthritis waiting for arthroplasty. Ann Rheum Dis 2004; 63:36-42. 

52.  Carlsson AM. Assessment of chronic pain: I. Aspects of the reliability and validity of 
the visual analogue scale. Pain 1983; 16:87-101. 

53.  Roach KE, Brown MD, Dunigan KM, Kusek CL, Walas M. Test-retest reliability of 
patient reports of low back pain. J Orthop Sports Phys Ther 1997; 26:253-9. 

54.  Crossley KM, Bennell KL, Cowan SM, Green S. Analysis of outcome measures for 
persons with patellofemoral pain: Which are reliable and valid? Arch Phys Med 
Rehabil 2005; 85:815-22. 

55.  Cooper H, Hedges LV, eds. The handbook of research synthesis. New York: Russell 
Sage, 1994. 

56. Akaike H. A new look at the statistical model identification. IEEE Trans Automat 
Contr 1974; 19:716-23. 

57. Parent E, Moffet H. Comparative responsiveness of locomotor tests and 
questionnaires used to follow early recovery after total knee arthroplasty. Arch Phys 
Med Rehabil 2002; 83:70-80. 

58. Terwee CB, Van der Slikke RM, Van Lummel RC, Benink RJ, Meijer WG, De Vet 
HCW. Self-reported physical functioning was more influenced by pain than 
performance-based physical functioning in knee-osteoarthritis patients. J Clin 
Epidemiol 2006b; 59:724-31. 

59.  Witvrouw E, Victor J, Bellemans J, Rock B, Van Lummel R, Van der Slikke R, 
Verdonk R. A correlation study of objective functionality and WOMAC in total knee 
arthroplasty. 

60.  Malviya A, Bettinson K, Deehan DJ. When do patient-reported assessments peak 
after revision knee arthroplasty. Clin Orthop Rel Res. 2011; 470:1728-34. 

61.  Kramers-de Quervain IA, Kämpfen S, Munzinger U, Mannion AF. Prospective study 
of gait function before and 2 years after total knee arthroplasty. Knee 2012; Jan 13, 
Epub. 

62. Penninx BW, Abbas H, Ambrosius W, Nicklas BJ, Davis C, Messier SP, Pahor M. 
Inflammatory markers and physical function among older adults with knee 
osteoarthritis. J Rheumatol 2004; 31:2027-31. 

63.  Fritz S, Lusardi M. White paper: "walking speed: the sixth vital sign". J Geriatr Phys 
Ther 2009; 32:46-9. 

64. Barthuly AM, Bohannon RW, Gorack W. Gait speed is a responsive measure of 
physical performance for patients undergoing short-term rehabilitation. Gait Posture 
2012 Mar 7, Epub. 

65.  Hicks GE, Shardell M, Alley DE, Miller RR, Bandinelli S, Guralnik J, Lauretani F, 
Simonsick EM, Ferrucci L. Absolute strength and loww of strength as predictors of 
mobility decline in older adults: The CHIANTI study. J Gerontol A Biol Sci Med Sci 
2012; 67A:66-73. 

 



104

  



 

Chapter 5  

 

 

Stability and variability of gait in knee osteoarthritis 

before and after replacement surgery 

 

 

 

Fallah Yakhdani HR, Abbasi Bafghi H, Meijer OG, Bruijn SM, van den 

Dikkenberg N, Stibbe AB, van Royen BJ, van Dieën JH.  

Clinical Biomechanics 2010; 25: 230-36 

  



106

 

 

 

 

Abstract 

Patients with knee osteoarthritis often feel unstable, suffering from buckling 
(giving way) or even falling. This study aimed at characterizing such instability, 
and following it over time. We investigated treadmill walking in knee 
osteoarthritis, focusing on angular velocity of sagittal plane knee movements. 
Knee osteoarthritis patients were followed 1 year after replacement surgery, 
and were compared to healthy peers. Subjects walked at increasing speeds, and 
maximum speed was registered. To quantify stability, we calculated short-term 
( S) and long-term ( L) Lyapunov exponents (the exponential rate of divergence, 
in state space, of trajectories originating from nearest neighbors), as well as the 
variability of knee movements, the latter just after heel contact. At each 
measurement session, patients reported how often they had fallen in the 
preceding period. Patients had lower maximum walking speed than controls, 
and walked with reduced variability, post-operatively even more so. Variability 
was positively related to number of falls. Pre-operatively, patients had higher S 
at the unaffected side, which post-operatively normalized. Slow walking may 
serve being more cautions. Reducing variability of sagittal knee kinematics 
appears to reduce fall risk, perhaps involving paying more attention and/or 
using co-contraction. The pre-operatively higher unaffected side S could result 
from attempts to reduce the kinematic demands on the affected leg, "letting 
go" the unaffected leg. One year after the operation, this problem with 
unaffected S had disappeared, suggesting recovery. Further study should 
include short-term and long-term stability, as well as a quantitative measure of 
perceived instability. 
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Introduction 
Patients with knee osteoarthritis (OA) often report that they feel unstable.1 
They may suffer from buckling or giving way, and even falling. Orthopedic 
surgeons use knee joint laxity to assess (in)stability, but recently, self-reported 
instability was shown to be unrelated to knee joint laxity.2 So, the question is 
how to objectively measure (in)stability in patients with knee osteoarthritis. 

After tripping, falls can be predicted from the push-off strength of the 
whole leg.3 Still, falling is also related to other factors than force, such as visual 
function,4 cognitive function, and the overall organization of movement, e.g. 
reaction time.5 Clearly, falling is a multistage process. First, the subject is 
exposed to a perturbation (maybe more so, for instance, when vision is poor). 
Second, the subject loses balance (that is, the subject fails to deal adequately 
with the perturbation). Third, the subject is not able to recover from this loss 
of balance (e.g., when muscle force is insufficient). 

Joint laxity refers to static stability, while giving way and falling occur 
during movements, thus, implying problems with dynamic stability.6 For 
"dynamic stability" of, say, walking, the question is if, after a perturbation, the 
subject continues to walk in the same way as before. Since human motor 
control is noisy,7 and the human environment hardly ever homogeneous, one 
may assume that small perturbations occur all the time. Hence, the degree to 
which the kinematics of walking remain the same over time can be interpreted 
as resulting from successful corrections. The effect of such corrections can be 
quantified with the Lyapunov exponent.8,9 

Actually, the Lyapunov exponent ( ) estimates the velocity of 
divergence in repetitions of a process. For walking: How fast is the kinematics 
of the stride cycle becoming different from before? The faster such divergence, 
the higher the values of  will be, implying less stability. For walking, the 
typical graph (Figure 1), with time on the horizontal, and the natural logarithm 
of divergence on the vertical axis, shows a sharp increase up to about one 
stride, and then flattens until it becomes virtually horizontal. The short term 
Lyapunov exponent, S, captures the initial increase (up to 0.5 or 1 stride), and 
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the long term Lyapunov exponent, L, the more horizontal part of the graph 
(typically 4-10 strides). In other words, S reveals how the system deals with 
(small) perturbations at the time scale of the single step or stride, and L how 
the system does so at the time scale of several strides. 
 

 

Figure 1. The natural logarithm of divergence as it developed over time in a 
representative subject, walking on a treadmill at 3.0 km/h, with S ("S" for "short") 
calculated from 0-0.5 strides (i.e., one step), and L ("L" for "long") from 4-10 
strides 

 
Lyapunov exponents are not the only measures used to assess stability. 

Donker and Beek,10 for instance, used variability of interlimb coordination in 
their analysis of stability. Note, however, that the relationship between 
variability and stability is far from straightforward.11,12 Variability is important 
to human movement,13,14 but if it is changed, the implications are not 
immediately clear. Lack of variability in heart rhythm may reveal pathology, but 
an extremely variable heart rhythm is often lethal. In human movement, 
reduced variability may be pathological (e.g.,15), but could also serve as a 
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strategy to avoid falling (e.g.,16). Since these are very relevant issues, we decided 
to include variability in our study of gait stability in knee osteoarthritis.  

We studied treadmill walking at different speeds in knee osteoarthritis 
patients before and after replacement surgery, and assessed maximum walking 
speed, local dynamic stability ( S and L), and variability of sagittal knee 
movements. Questions were: 1. Are these measures different in knee 
osteoarthritis patients than in controls?, and 2. Do they change after surgery? 
We hypothesized that both questions would be answered in the positive, and 
added: 3. How to interpret such differences and changes in terms of the actual 
stability problems of patients with knee osteoarthritis (i.e., falling)? 
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Methods 
Participants 
Participants were recruited from three departments of Orthopedic Surgery. 
Patients with knee osteoarthritis waitlisted for replacement surgery were 
informed about the study. Exclusion criteria were bilateral knee problems, 
revision surgery, other walking disorders, or insufficient physical fitness to 
participate. The protocol was approved by the local Medical Ethical 
Committee, and participants signed an informed consent. 

Initially, 16 patients were measured, one of whom found the 
measurements too long, and another did not undergo surgery because of 
cardiovascular problems. The remaining 14 were measured again at 6 weeks, 6 
months, and 1 year after surgery. Moreover (Table 1), 12 age and BMI matched 
healthy peers were measured once. At each measurement session, there was a 
short examination, and subjects were asked how often they had fallen last year 
(first measurement session), or since the last measurement session (the other 
sessions). 

 

Table 1. Subject characteristics (age: years; height: cm; weight: kg) 

Subjects N Gender 
m/f 

Age 
Mean (SD)

Height 
Mean (SD) 

Weight 
Mean (SD) 

BMI 
Mean (SD) 

OA patients:       

pre-operative 16 5/11 62.3 (10.7) 169.7 (11.6) 85.9 (16.4) 29.7  (4.1)

post-operative 14 4/10 61.6 (10.0) 171.0 (10.0) 86.6 (17.0) 29.7 (4.3)

Healthy peers 12    5/7 62.0 (12.6) 171.7 (10.2) 86.9 (17.2) 29.4 (4.9)
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Data acquisition 
For each subject, clusters of 3 markers (Infrared Light Emitting Diodes), fixed 
on light metal plates, were attached to the thighs, shanks, and heels with 
neoprene bands. An opto-electric system, OptoTrak™ (Northern Digital, 
Waterloo, Ontario, Canada), consisting of two 3-camera arrays, was used to 
record movements. 

Participants walked on a treadmill (Bonte Technology, Culemborg, The 
Netherlands) at 7 different speeds, increasing from 0.6 km/h to 5.4 km/h 
(increments of 0.8 km/h). Each speed condition lasted 4 minutes; during the 
last 2 minutes, data were recorded at 50 samples per second. Subjects were 
instructed to indicate if the speed was too high, and if so, the belt was stopped, 
the preceding speed designated as "maximum walking speed". 
 
Local dynamic stability  
We focused on the angular velocity of sagittal knee movements. The 
orientations of the shank and thigh segments were calculated, knee angles were 
expressed as rotations around the transverse axis, and angular velocities 
obtained by taking their derivatives. Heel strikes were inferred from the 
minimum vertical position of the average of the three heel markers, and 
"stride" was defined from one heel strike to the next one on the same side. 

For all calculations, we used custom-made MATLAB 7.0.4 
programmes (The MathWorks, Natick, MA, USA). We calculated S and L as 
proposed by Bruijn et al.,17. The time series were first resampled, so that on 
average each stride was 100 samples in length. In healthy subjects, a minimum 
of 150 strides is required to reach sufficient precision,9 which is not realistic for 
patients, and we opted for 30 strides for each of the 7 speed levels, thus 
approaching a methodology of "multiple trials".18 To capture the system's 
dynamics in sufficient detail, a 5-dimensional state space was constructed per 
subject per speed condition, i.e., the original kinematic signal (angular velocity 
of sagittal knee movements during 30 strides), plus four copies with time 
delays of, respectively, 10, 20, 30, and 40 samples. For each data point in state 
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space, the nearest neighbor was identified, and the Euclidian distance between 
the two trajectories originating from these points was followed over time. The 
values of all time-distance curves were averaged per moment in time, and the 
natural logarithm of these averages was taken. For S, the slope of the resulting 
"divergence curve" was calculated for the segment from 0-0.5 strides, for L 
from 4-10 strides. 
 
Variability  
To quantify the variability of the angular velocity of sagittal knee movements, 
data were first time-normalized so that each stride contained 101 samples (0-
100%). Since giving way appears to occur mostly in the beginning of the stance 
phase (cf.19), we restricted the analysis to the first 10% of the stride cycle. For 
our measure of variability, "SD10%", we calculated between-stride standard-
deviations, which were averaged over this period per subject per speed 
condition.  
 
Statistics  
Statistical analysis was performed with SPSS 16.0. To assess differences 
between pre-operative patient values and those of the control group, General 
Estimation Equations (GEEs) were calculated, with Group as factor and Speed 
as covariate. These analyses were done for the patients' affected and the 
unaffected leg separately, while of the controls, the average of both legs was 
used. To analyze how patients changed until 1 year after surgery, GEEs were 
calculated with Time and Speed as covariates. In all cases, interactions were 
taken into account.  

Within the patient data, Pearson correlations were calculated between 

S, L, and SD10%, at the affected as well as the unaffected side. Finally, to see 
which measures of stability or variability were related to falling, GEEs were 
performed with (preceding) "number of times fallen" as dependent variable, 
and time as well as S, L, and SD10% as covariates. 
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Results 
Of the healthy peers, one subject could not walk at 5.4 km/h. In the patients, 
only the lowest speed could be performed at all measurement points by all 
subjects. Mean maximum pre-operative walking speed of the patients was 3.4 
km/h (SD 1.7), after 6 weeks 2.9 km/h (SD 1.6), 6 months 4.0 km/h (SD 1.3), 
and 1 year 4.1 km/h (SD 1.7). After 1 year, maximum walking speed was 
significantly faster than pre-operatively (P < 0.001), but still, one sample t-tests 
revealed that, at all measurement points, patient values were below those of the 
healthy peers (P-value < 0.02). 
 
Pre-operative differences 
In the pre-operative analyses (Table 2, Figure 2), we found significant effects 
of Speed (P-values  0.002), S decreasing, and L as well as SD10% increasing 
with increasing speed. 

SD10% was significantly lower at the patients' affected side than in the 
healthy peers (P = 0.04), while a similar difference was found at the unaffected 
side, but with borderline significance only (P = 0.07). A separate GEE revealed 
that this difference between the patients' legs was significant (intercept 0.21, P 
< 0.001; Bunaffected = 0.11, P < 0.04). 

For S, there was a significant effect of Group at the unaffected side (P 
= 0.02), where S was higher in patients than in the healthy peers. No such 
effect was found for the affected side, while a separate GEE revealed 
borderline significance for the difference between the patients' legs in terms of 

S (intercept 2.15, P < 0.001; Bunaffected = 0.28, P < 0.06). At the unaffected side, 
there also was a significant Speed × Group interaction (P < 0.03), S decreasing 
more with increasing speed than in the healthy peers.  
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 Figure 2. Mean values of S (top), L (middle), and SD10% (bottom), for the 
affected (left) and unaffected leg (right) of the patients, in comparison to healthy 
peers ("control"), during walking at 7 different speed levels. Error bars represent 
standard errors 
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Table 2. Regression coefficients (B) from GEEs on S, L, and SD10%, with Speed 
as covariate (from 0.6 km/h through 5.4 km/h), and Group as factor (patients pre-
operatively versus healthy peers), separately for the patients' affected and 
unaffected leg. Non-significant P-values and the corresponding regression 
coefficients are given between brackets. Interactions without (borderline) 
significance have been left out. Note that GEE calculates regression equations, so 
that this table reads as, for instance: In the patients' pre-operative affected leg, S 
equalled 2.15, minus 0.12  Speed (and some components that were not 
significant) 
 

       Intercept   Speed (km/h)        Group  Speed × Group 

 model 
p-value B model 

p-valuea B model 
p-valuea  Bb Model 

p-valuea  Bb 

Affected 

S  0.001 2.15 0.001 -0.12 (0.60) (-0.07)   

L  0.05 0.02 0.001  0.002    0.03  -0.02 0.046  0.005 

SD10% 0.001 0.32 0.001  0.02    0.04  -0.12  

Unaffected 

S  0.001 2.14 0.001 -0.11 0.02   0.27   0.03 -0.08 

L  0.01 0.02 0.001  0.002 (0.11) (-0.01)  (0.05) (0.005) 

SD10% 0.001 0.31 0.002  0.03   (0.07) (-0.08)  
 
a P-values in the overall model may be different from those of the specific 

parameterizations 
b regression coefficients for the osteoarthritis patients 

 

There was a significant effect of Group on L, with lower values on the 
patients' affected side than in the healthy peers (P < 0.05). At the unaffected 
side, no such effect was found, while post hoc the difference in L between the 
affected and unaffected side turned out to have borderline significance 
(intercept -0.002, not significant; Bunaffected = 0.005, P < 0.07). There was a 
significant Speed × Group interaction in the comparison with the patients' 
affected side (P < 0.05), L increasing more with increasing speed. The same 
interaction was found at the patients' unaffected side, with borderline 
significance (P < 0.06). 
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Post-operative changes 
Post-operatively, the same effects of Speed were found as pre-operatively 
(Table 3, Figure 3): A decrease of S with increasing speed, and an increase of 
both L and SD10% (P-values  0.01). 

SD10% showed a significant decrease over time in both the affected 
and the unaffected leg (P-values  0.01). These changes in time were not 
significantly different for the affected and unaffected side (P = 0.60). 

 In the unaffected leg, there were also effects of Time on S, which 
decreased after surgery (P  0.003). There was a significant Speed × Time 
interaction, revealing that unaffected S decreased less with increasing speed at 
later times. Post hoc it turned out that S of the unaffected leg decreased more 
over time (P  0.001), but decreased less with increasing speed at later times (P 

 0.009), both in comparison with the affected leg. There were no significant 
effects of Time on L. 

 
Table 3. Regression coefficients (B) from GEEs on S, L, and SD10%, with Speed 
(from 0.6 km/h through 5.4 km/h) and Time (pre-operatively, after 6 weeks, 6 
months, and 1 year) as covariates. Non-significant main effects are given between 
brackets 
 
      Intercept Speed (km/h)  Time (months) Speed × Time 
 model 

p-value B model 
p-value B model 

p-value B model 
p-value B 

Affected 

S   0.001  2.28  0.001 -0.15 (0.71) (-0.005)   

L  (0.40) (0.004)  0.001  0.007 (0.44) ( 0.000)   
SD10%   0.001  0.27  0.01  0.03  0.01  -0.01   

Unaffected 

S   0.001  2.43 0.001 -0.19  0.003  -0.04 0.02 0.01 

L  (0.21) (0.006) 0.001  0.007 (0.49) (0.000)   
SD10%  0.00  0.29 0.001  0.03  0.00 - 0.01   
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Figure 3. Mean values of S at the unaffected side (top), SD10% at the affected 
(middle), and unaffected leg (bottom), pre-operatively, and at three follow-ups, 
during walking at 7 different speed levels. Error bars represent standard errors 
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"Prediction" of falls 
We calculated correlations between patients' affected and unaffected S, L, and 
SD10%. Relatively high correlations (Table 4) were found between the 
corresponding variables at the affected and unaffected sides, the largest for L 
(rP = 0.88), with lower values for SD10% (rP = 0.65) and S (rP = 0.62).  

Patients reported to have fallen 21 times in the year before the first 
measurement, and 2, 7, and 5 times, respectively, in the intervals between 
measurements. The healthy peers had fallen 6 times. Because correlations 
between the affected and the unaffected side were relatively high, we 
performed GEEs of "number of times fallen" for the patients' affected and 
unaffected side separately. Only SD10% on the unaffected side was 
significantly related to number of times fallen (intercept -1.38, not significant; 
B = 3.41, P  0.005). For the affected side, the regression model was similar, 
but borderline significant only (intercept -0.11, not significant; B = 2.04, P < 
0.07). 
 

Table 4. Pearson correlations between S, L, and SD10%, in the patient group, at 
the affected (A) and unaffected (U) side, combining pre-operative values with those 
after 6 weeks, 6 months, and 1 year 

 
S L SD10% 

A U A U A U 

S A       

U 0.62      

L A -0.18 -0.25     

U -0.25 -0.25 0.88    

SD10% A -0.24 -0.23 0.16 0.18   

U -0.14 -0.17 0.14 0.18 0.65  
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Discussion 
We studied variability and stability of sagittal knee movements during treadmill 
walking in knee osteoarthritis patients before and after knee replacement, 
compared with a group of age and BMI-matched healthy peers. "Variability" 
was operationalized as mean stride-to-stride standard-deviation of angular 
velocity in the first 10% of the stride cycle. For "stability", a short-term (0-0.5 
strides) and a long-term (4-10 strides) Lyapunov exponent, S and L, were 
calculated, i.e., the exponential rate of divergence of neighboring trajectories in 
state space. In the patient group, we assessed if variability and stability were 
related to self-reported fall incidents. 

Pre-operatively, patients had a lower maximum walking speed than 
control subjects, and post-operatively, patients' maximum walking speed 
increased, while still remaining below the values of the controls. With 
increasing walking speed, S decreased (suggesting more short term stability), 
while L increased (suggesting less long term stability). Also variability increased 
with increasing walking speed. Pre-operative patient movements, particularly of 
the affected leg, were less variable than in the control groups. One year after 
the operation, patients' variability had further decreased. Pre-operatively, 
unaffected S was higher than in the healthy peers. Post-operatively, unaffected 

S decreased. Pre-operatively, affected L was lower than in the healthy peers. 
Post-operatively, no effects on L were found. Variability was positively related 
to number of times fallen. 

If now we want to interpret these results in ways that are 
biomechanically sound and clinically relevant, several questions appear to 
present themselves. First, what are the possible advantages of limiting walking 
speed? Second, what mechanisms can be used to reduce variability? And third, 
are S and L helpful to understand the stability problems of patients with knee 
osteoarthritis? 
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Walking speed 
Patients had lower maximum walking speed than controls. Walking slower was 
claimed to be more stable (e.g.,12,20). Nevertheless, Bruijn et al.,'s17 recent 
analysis of trunk stability during walking suggested that this claim was ill-
founded, albeit not necessarily wrong. In most studies, a fixed amount of time 
was projected into the state space, rather than a fixed amount of strides, but 
walking is a non-stationary process (cf.21), and if more stride cycles are 
projected into the state space, Lyapunov exponents will be larger, suggesting 
less stability.17 Note that this is very different from classical estimation theory, 
where sample magnitude (at least in estimating the mean) is unrelated to bias. 

In their analysis of trunk stability, Bruijn and his group analyzed young 
healthy subjects, and found that S decreased, while L increased with 
increasing walking speed. This pattern is now confirmed for sagittal knee 
movements in healthy elderly subjects, and in knee osteoarthritis patients 
before and after knee replacement. Still, Bruijn et al.,17 found different patterns 
of speed-related change in different planes, and, presently, we do not know 
how or why S and L may change differentially. Anyhow, a possible advantage 
of having a lower maximum walking speed in knee osteoarthritis may be to 
keep L sufficiently low, perhaps especially important for patients, given that 
their L (of sagittal knee movements) increased more with increasing speed.  

Are there other possible advantages of having a lower maximum 
walking speed in knee osteoarthritis? Clearly not to reduce S, because it is 
faster walking that would do so. But patients may avoid high walking speed to 
keep variability down, thereby possibly reducing the extent of self-generated 
perturbations. Recently, it was emphasized that there may be many reasons to 
reduce walking speed.22 All in all, patients may walk slowly as part of a general 
strategy to be cautious,23 maybe creating more time to avoid obstacles24 (cf.25), 
or lessening impact and thereby reducing pain.26 Note that such a possible 
"strategy" does not, or not necessarily imply conscious cognitive involvement. 
In fact, we suspect that patients often do not know how they are adapting or 
why they are doing so (e.g.,27). 
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Variability 
Patients had less variability than controls. After surgery, variability was even 
lower, and reduced variability coincided with reduced risk of falling. These 
facts strongly suggest that the decrease in variability was a strategy (e.g.,16), 
rather than a sign of pathology.15 Pre-operative variability was more reduced at 
the affected than at the unaffected side. In another study of walking with knee 
osteoarthritis, Lewek et al.,28 found more frontal plane variability at the 
unaffected side (P < 0.01), the affected side not being significantly different 
from healthy controls. Perhaps, at the affected side, osteoarthritis initially leads 
to more variability, which then is actively reduced to the level of healthy 
subjects (Lewek's study) or even lower (our study). 

The fact that variability was positively related to the number of falls 
agrees with a vast literature (e.g.,16,25,29). We found this to be significant for the 
unaffected leg, but only borderline significant for the affected leg, which may 
be due to proprioceptive problems, rendering the patients' strategy less 
successful at the affected side. 

Post-operatively, patients had a higher maximum walking speed, which 
implied that the associated increase in variability was no problem, or no longer 
a problem. We see this as a sign of recovery. So, it is unclear why, post-
operatively, patients continued to reduce gait variability (for each given speed 
level). Maybe they just persisted in using the same strategy, even when it was 
no longer necessary to do so (e.g.,30). 

We do not know which mechanism(s) patients exploit to reduce 
variability, but the number of possible strategies appears to be limited. Apart 
from the use of external support (such as holding a hand rail, or walking with 
crutches), we are aware of three possible mechanisms: slowing down, paying 
more attention, and/or stiffening the joint through co-contraction. Given that 
gait variability often increases in dual tasks,31 and that attentional deficits lead 
to more gait variability,29 one may speculate that patients reduce variability by 
paying more attention to their walking. On the other hand, Lewek et al.,28 
suggested that co-contraction may be used to reduce variability, that is, by 
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stiffening the joint. But then, local stiffness does not necessarily increase 
overall stability,6 and, in fact, similar is true for walking slowly, which implies a 
higher S, and for paying more attention, which was sometimes reported to 
increase variability (e.g.,32). Clearly, to pinpoint the mechanisms underlying the 
reduction of variability in knee osteoarthritis, more research is needed, for 
which we recommend to include not only walking speed, but also attention 
(through dual tasks) and co-contraction. 
 
Stability 
Pre-operatively, the unaffected leg of the patients had a higher S. When 
patients increased walking speed, unaffected S decreased more than in the 
controls. At higher speed, relatively invariant feedforward control becomes 
more important,33 which may be the cause of increasing short-term stability 
(lower S), and in our opinion, it is not surprising that this would show as 
"normalization" (Figure 2, top right) in the relatively unstable, unaffected leg of 
the patients. Anyhow, the fact that S was relatively high pre-operatively, 
appears to reveal stability problems. In terms of mechanisms, one could think 
of problems with the intrinsic dynamics of the leg (i.e., because of 
osteoarthritis), or problems within the control system (e.g., because of reduced 
proprioception), but then, it would not be clear why the S of knee kinematics 
was higher at the unaffected side. Still, patients may also adapt their walking 
pattern in order to reduce the kinetic demands on the affected leg,34 "letting 
go", so to speak, the unaffected leg, which then would lead to a higher 
unaffected S, as indeed we found in our pre-operative patients. 

In the affected leg, the patients had lower values of L. In ACL 
deficiency, patients also had a lower L of sagittal knee movements than their 
healthy peers,35 but in ACL deficiency, the unaffected leg was the most stable.36 
In such patients, proprioceptive problems may be more serious than in pre-
operative knee osteoarthritis patients, which may explain why it is more 
difficult to stabilize the affected leg in ACL deficiency (cf.35). Then again, given 
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the high correlation between affected and unaffected L, the distinction 
between them may be relatively unimportant. 

Postoperatively, the patients' unaffected leg showed a reduction in S. 
Also Stergiou et al.,37 reported a stability increase after ACL reconstruction. We 
take this as another sign that patients actually get better. There also was a 
significant interaction, with less decrease of S when increasing walking speed 
at later measurement times, apparently (Figure 3, top) because one year post-
operatively patients no longer had an increased S at lower speed, having 
recovered from their stability problem. 

Of course, several of the above interpretations are speculative. If 
correct, they suggest that S and L really inform us about the problems patients 
may have with (self-perceived) stability. Further research should include not 
only S and L, but also a reliable, quantitative assessment of patients' self-
perceived stability. 
 
Limitations 
The statistical precision of estimates of S and L depends on the number of 
strides projected into the state space,17 which may be an even more pressing 
problem in patients. We used not more than 30 strides per speed, but at 7 
different speed levels, and the large number of significant results suggests that 
statistical power was not a major problem in our study. 

Treadmill walking may affect variability and stability, and our results 
cannot be directly generalized to overground walking.38 Moreover, for 
variability and stability, we consistently distinguished between the affected and 
the unaffected leg, which may be a moot point, because the kinematics of 
either leg present themselves in part while the subject is standing on the other 
one.  

There are many measures to estimate variability and stability (e.g.,39), 
each with their own behavior, and findings are often confusing. Lewek et al., (p. 
509)28 characterized part of their results as "somewhat perplexing", and we 
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emphasize that we can just add one stone to the unfolding mosaic of 
understanding variability and stability in locomotor pathology. 
 
Conclusions and recommendations 
Pre-operatively, patients' maximum walking speed was reduced, probably to be 
more cautious. Patients' movements were also less variable, particularly at the 
affected leg. After surgery, variability decreased further. This reduction of 
variability was related to a reduction of fall risk. We need to better understand 
the mechanisms involved, such as paying more attention, and/or co-
contraction. Pre-operatively, the patients' affected leg had also more long term 
stability, but at the unaffected side patients were less stable per step. 
Unaffected stability normalized at higher speeds, with feedforward control 
coming in. Post-operatively, the short-term stability problem could no longer 
be found, which suggests recovery from pre-operative stability problems. 
Further research should include the short-term and the long-term Lyapunov 
exponents, as well as quantified information on self-perceived (in)stability, and 
clinical measures of instability, such as the number of falls. 
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Abstract 
 
Knee osteoarthritis patients fall more than their healthy peers. Changes in 
trunk movements during gait can increase fall risk, whereas increasing step 
width and decreasing stride time may be compensatory strategies.  

We investigated trunk motions in knee osteoarthritis patients (N=16), 
matched healthy elderly (N=12), and young healthy adults (N=15), during gait 
at six speeds on a treadmill. Step width, stride time, local dynamic stability, 
variability, and amplitude of frontal plane trunk movement were determined, as 
were minimum mediolateral distance of the projection of the thoracic midpoint 
to the base of support during stance (safety margin, dThor), and the timing of 
maximum thorax movement relative to foot placement (dTime). Maximum 
isometric knee extension moment was measured, and subjects reported the 
number of falls during the preceding year. 

Knee extension moment was lowest in the patients. Trunk movements 
were more variable in the patients than in the young. Both elderly groups had 
decreased trunk local dynamic stability and used wider steps and shorter strides, 
which resulted in larger dThor. Moreover, dTime was shortest in the patients. 
Among patients, the number of falls was correlated with increased step width 
and reduced stride time, suggesting that these strategies were insufficiently 
successful. Also knee extension moment and dTime were correlated with fall 
history. We suggest that changes in dTime resulted from muscle weakness, and 
may have contributed to falling.  
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Introduction  
Knee osteoarthritis (OA) patients fall more often than their healthy peers.1-3 
During gait in knee OA, trunk movements are altered, particularly in the 
frontal plane. These alterations may serve to unload the affected knee,4-7 but 
can negatively affect balance. Due to the trunk’s large mass and its cranial 
position, frontal plane trunk movements require stabilizing control.8 In a 
simple model of human walking, only frontal plane movements needed to be 
controlled in order not to fall.9 In human experiments, mediolateral10-12 
perturbations affected gait more than anterior-posterior perturbations. 
Mediolateral perturbations elicit a reduction in stride time and an increase in 
step width, which have been suggested to stabilize gait.12,13 Reducing stride time 
limits the amplitude and/or velocity of frontal plane trunk movement towards 
the side of the swing leg, and increased step width allows for arresting and 
reversing this movement by the new stance leg in spite of higher amplitude 
and/or velocity.14,15 In order to stabilize gait, mediolateral trunk movement 
needs to be coordinated with mediolateral foot placement.6 

It is unknown if knee OA patients increase cadence and step width as 
part of a stabilizing strategy, and if the coordination between trunk movements 
and mediolateral foot placement is altered in patients. We investigated trunk 
movements and potential stabilizing strategies in knee OA patients, healthy 
peers, and young controls, which allowed us to differentiate balance problems 
and compensatory strategies that are an effect of aging (and, possibly, BMI) 
versus those that are specific to OA.  

We assessed self-reported knee function, fear of movement, pain, and 
the maximum isometric knee extension moment. We analysed thorax 
kinematics during gait in terms of the amplitude and variability of mediolateral 
trunk movement, and its maximum Lyapunov exponent, which captures the 
response to small perturbations.16 Furthermore, we analysed foot placement 
strategies in terms of step width and stride time, and we studied the relation 
between trunk movement and foot placement in terms of the minimum 
mediolateral distance between the projection of the thoracic midpoint and the 
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foot, and the timing of peak mediolateral trunk movement relative to foot 
placement.6,17 Since stability is walking speed dependent,16,18 maybe 
differentially so in different subject groups,19 we tested over a range of walking 
speeds.  

We hypothesized (1) that control of mediolateral trunk movement 
would be impaired, with increased amplitudes, variability and Lyapunov 
exponents in knee OA patients compared to healthy elderly, and in healthy 
elderly compared to young adults, and (2) that step width is increased and 
stride time is reduced (as compensatory strategies) in OA patients and their 
healthy peers, but more so in the former group. Moreover, we compared 
spatial and temporal relationships between thorax movement and foot 
placement between groups. Finally, we explored the relations between the 
number of falls reported and gait kinematic parameters as well as knee 
extension moment.  

 
Methods 
Participants 
Patients had to be waitlisted for knee replacement for unilateral knee OA. We 
recruited 16 patients from two different hospitals (age, 62.3 ± 10.7 years; BMI, 
29.7 ± 4.1 kg/m2, 5 males), 12 age and BMI matched healthy elderly (62.0 ± 
12.6 years; 29.4 ± 4.9 kg/m2, 5 males), and 15 healthy young subjects (22.9 ± 
3.9 years, 22.1 ± 1.5 kg/m2, 4 males). The local Medical Ethics Committee 
approved the protocol, and participants signed an informed consent.  
  
Data acquisition 
Subjects filled-in an adapted TAMPA Scale for Kinesiophobia.20 An 
orthopaedic surgeon determined the Knee Society Function score,21 and 
subjects were asked how often they had fallen during the last year. After 
measurements, subjects filled-in a 100 mm VAS for pain (from “no pain” to 
“maximal pain”). 
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A special chair was constructed to measure maximum knee extension 
moment.22 The subjects sat on the chair, with hips and knees in 90° flexion, 
and pelvis and trunk fixed with belts. Subjects brought their leg in 60° flexion, 
and a pad was fixed above the malleoli of the affected leg (controls: right) at 
comfortable height. The moment arm was measured. Then, subjects pushed 
the pad away for 3 seconds, as forcefully as they could, and the maximum was 
registered. This was repeated three times, and the average was calculated.  

To measure gait kinematics, clusters of 3 markers each (Infrared Light 
Emitting Diodes), fixed on light metal plates, were attached to the thorax (Th3) 
and to both heels, with neoprene bands. Movements were recorded with an 
opto-electric system with two 3-camera arrays, OptoTrak™ (Northern Digital, 
Waterloo, Ontario, Canada). Participants walked on a treadmill (Bonte 
Technology, Culemborg, The Netherlands) at 6 different speeds, from 0.39 to 
1.5 m/s (increments of 0.22 m/s). Each speed level lasted 4 minutes; during 
the last 2, data were recorded at 50 samples/s. If the subject indicated that the 
speed was too high, the belt was stopped. 

 
Data analysis  
Custom-made MATLAB 7.0.4 programmes (The MathWorks, Natick, MA) 
were used throughout. To reduce the effects of noise, data from the three 
markers within each cluster were averaged. 
 
Step width and stride time 
Heel strikes were inferred from the minimum vertical position of the heel 
markers, stride time was defined as the time difference between two 
consecutive heel strikes on the same side, and step width as the mediolateral 
distance between left and right heel markers during double stance.  
 
 Trunk kinematics 
To reduce the effects of non-stationarity,18 the analysis of frontal plane local 
dynamic stability was performed on the velocity time series. Optimal 
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precision23 would require too many strides for the patients, and we 
compromised with 40 strides at 6 speed levels. For the calculation16 of the 
Lyapunov exponent ( S), time series were resampled, so that on average each 
stride contained 100 samples. A 5-dimensional state space was created per 
subject per speed condition, i.e., the original kinematic signal, plus four copies 
with time delays of, respectively, 10, 20, 30, and 40 samples. For each data 
point in state space, the nearest neighbour was identified, and the Euclidian 
distance between the trajectories originating from these points was followed 
over time. Time-distance curves were averaged, and natural logarithms of 
average divergences were calculated, with S as their slope, calculated over 0-0.5 
strides.  

For variability, frontal plane accelerations of the thorax marker were 
used.24 Data were time-normalized, each stride containing exactly 101 samples 
(0-100%). Between-stride standard-deviations were calculated per time point 
per subject per speed, and averaged over the stride cycle.18,23,24 For amplitude, 
the difference between maximum and minimum thorax excursion was 
calculated per stride per subject per speed, and averaged over strides.  

The minimum distance during stance between the projections of the 
thorax marker and of the heel marker was designated as thorax “safety margin” 
(cf.14), dThor. This was averaged over strides per subject per speed, as was the 
time difference between the peak of thorax movement and heel contact, dTime. 
For the patients, affected and unaffected leg dThor and dTime were used 
separately, while in the control groups, the average over the two legs was used. 

 
 Statistical analysis  
Statistical analysis was performed with SPSS 16.0, using p < 0.05 as threshold 
for significance. To determine the effects of Group, Speed, and their 
interaction, General Estimation Equations (GEEs) were calculated. GEE is a 
technique for repeated measures regression analysis that can deal with missing 
values. Non-significant interactions were left out. With significant effects of, or 
interactions with, Group, GEE was also calculated for both elderly groups only. 
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When relevant, post hoc comparisons of the affected and the unaffected legs 
of the patients were performed.  

To identify potential determinants of falling in both elderly groups, 
(partial) correlations were calculated between number of falls maximum knee 
extension moment as well as kinematic gait parameters, with partial 
correlations controlling for speed. 

 
Results 
 Speed-independent variables 
Patients’ TAMPA scores for Kinesiophobia were 43.5 ± 9.1, suggesting fear, 
which was not so in the healthy peers (26.8 ± 7.2) or the young (31.4 ± 7.3). 
The Knee Society Function scores were lower in the patients than in the 
healthy peers (37.2 ± 16.9 vs. 88.3 ± 5.8; P < 0.001) and the young (90, the 
maximum). Pain after the measurements was 54.3 ± 22.3 in the patients, higher 
than in the healthy peers (7.5 ± 14.9, P < 0.001) and the young (3.7 ± 4.3, P < 
0.001).  

The maximum knee extension moment was 69.7 ± 60.1 Nm in the 
patients, significantly smaller than in the healthy peers (124.7 ± 58.5 Nm, P = 
0.01), and even more different from the young (157.4 ± 36.1 Nm, P < 0.001).  
 
Gait kinematics 
Our first hypothesis was supported, i.e., both elderly groups showed evidence 
of impaired control of trunk movement, with the most pronounced changes in 
the OA patients (Table 1). Frontal plane thorax amplitude (0.05-0.12 m) was 
not different between groups, but while the variability of trunk frontal plane 
accelerations was not different between the young and healthy peers, it was 
significantly higher in the OA patients than in the young (Figure 1A). 
Moreover, short-term Lyapunov exponents of frontal plane trunk movements 
( S) were higher (indicating lower stability) in both elderly groups than in the 
young (Figure 1B). This difference was attenuated at higher gait speeds. 



134

In line with our second hypothesis, both elderly groups had 
compensatory gait changes, but in contrast with our hypothesis no differences 
between patients and healthy peers were found. Step width (0.10-0.15 m) was 
larger in both elderly groups than in the young, and decreased with speed 
(Figure 1C). Stride time (1.0-2.0 s) was shorter in both elderly groups than in 
the young (Figure 1D), but less so at higher gait speeds.  

The safety margin (dThor, Figure 2A), ranging from 0.004 to 0.082 m, 
was larger in the healthy elderly than in the young. On the patients’ affected 
side, dThor was larger than in both other groups, and larger than unaffected 
dThor. For the patients’ unaffected side, a main effect indicated that dThor 
was larger than in the young, but a speed interaction suggested that this was 
due to the high patient value at the lowest speed only (cf. Fig 2A). No 
difference was found between the two elderly groups. The relative timing of 
peak thorax displacement, dTime (Figs. 2B & 3), ranging from 0.05 to 0.75 s, 
was significantly shorter in the healthy elderly than in the young. Moreover, it 
was shortest in the patients, both at the affected and unaffected side.  
 
Correlations with number of falls in the elderly  
No young subject reported any fall. Of the 12 healthy elderly, 3 reported from 
1 to 3 falls, with a total of 6 falls. Of the 16 knee osteoarthritis patients, 6 
reported falling in the preceding year, from 1 to 6 times, with a total of 21. In 
the healthy elderly, the number of falls was positively correlated with S and 
with the amplitude of frontal plane thorax movements (Table 2). In the 
patients, the number of falls was negatively correlated with knee extension 
moment, stride time, and dTime, and positively with step width.  
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Figure 1. Variability of thorax frontal plane accelerations (A), Lyapunov exponents 
of the velocity of thorax frontal plane movements (B), step width (C), and stride 
time (D), in the three groups at all speed levels (horizontal axes). Error bars 
represent standard errors 
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Figure 2. Margin of safety (A, dThor), and relative timing between peak of frontal 
plane trunk amplitude and heel contact (B, dTime) in the three groups at all speed 
levels. Error bars represent standard errors 
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Figure 3. Time series of frontal plane trunk excursion (dotted, bold) over time (s, 
horizontal axes) relative to mediolateral foot position during left and right stance 
(solid lines) in a typical young subject (top), a healthy elderly (middle), and a 
patient with knee osteoarthritis (bottom). Note that we estimated heel strike as the 
minimum of the heel marker’s vertical position, whereas this minimum is slightly 
later than actual heel strike 
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Table 1 Significant regression coefficients (B) on the gait kinematic parameters in 
GEEs with Group as factor—young controls, knee OA patients (K), or healthy 
elderly (H)—and Speed as covariate (0.39-1.50 m/s, 6 levels). In case of a 
significant effect of, or interaction with Group, post hoc comparisons of the patients 
with the healthy elderly were performed, and if there were different Group effects 
when including the patients’ affected and unaffected legs, a final post hoc analysis 
compared the patients’ legs. Non-significant regressions were omitted 

 Intercept Groupa Speedb Interaction 
 B pc Bd pc B pc Bd 

thorax 

amplitude (m) 

 

0.13 

    

0.00 

 

-0.01 

   

variability of 

thorax acceleration

 

0.21 

 

0.02 

 

K: 0.05 

  

0.02 

 

0.01 

   

s of thorax 

movement 

 

2.30 

 

0.00 

 

K: 0.42 

 

H: 0.48 

 

0.02 

 

0.02 

 

0.00 

 

K: -0.07 

 

H: -0.08

step width (m) 0.13 0.01 K: 0.05 H: 0.04 0.00 -0.003    

stride time (s) 2.05 0.00 K: -0.49 H: -0.60 0.00 -0.19 0.00 K: 0.09  H: 0.11

Comparisons of the young, the healthy elderly, and the patients’ affected leg (“A”)d: 

dThor (m) e -0.001 0.00 A: 0.05 H:0.02 0.00 0.006    

 A vs. H 0.02 0.01 A: 0.03  0.00 0.004    

dTime (s) f 0.76 0.00 A: -0.68 H:-0.25 0.00 -0.07 0.00 A:0.07 H: 0.05

 A vs. H 0.48 0.00 A: -0.36  0.01 -0.02    

Comparisons of the young, the healthy elderly, and the patients’ unaffected leg (“U”)d: 

dThor (m) e -0.001 0.00 U: 0.03 H:0.02 0.00 0.006 0.01 U:-0.005  

dTime (s) f 0.76 0.00 U: -0.69 H:-0.25 0.00 -0.07 0.00 U:0.07 H: 0.05 

 U vs. H 0.48 0.00 U: -0.37  0.01 -0.02   

Patients’ affected (“A”) vs. unaffected leg (“U”)d: 

dThor (m) e         

 A vs. U 0.03 0.00  A: 0.03      
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a the number of young controls was 15 for all speeds, there were 12 healthy 
peers for the first six speeds and 11 for the highest speed, and the number 
of patients was 14 for the first speed, 8 for the second, third and fourth, 5 
for the fifth and 4 for the highest speed  

b speed levels were coded 1-6  
c p-value in the overall model, which is not necessarily the same as the p-

value of any specific parameterization; if there was a significant effect for 
one group only, the parameter value was given 

d apart from in the post hoc tests, the young were used as reference; K 
compared the patients with the young, with A for the affected, and U for the 
unaffected leg, and H compared the healthy elderly with the young 

e dThor: minimum mediolateral distance between the projection of the thorax 
marker and of the heel marker during stance 

f dTime: the time of the peak of trunk movement minus that of foot 
placement 

 

 
 
 
Table 2 Significant (partial) correlations of the number of falls in the healthy elderly 
(H) and in the knee OA patients (OA) with: knee extension moment, step width, 
stride time, mediolateral thorax amplitude, short-term Lyapunov exponent of 
mediolateral thorax movement ( S), and relative timing between peak of thorax 
movement and foot placement (dTime). Non-significant correlations were omitted 

 

  knee extension 
moment 

step 
width 

stride 
time 

thorax 
amplitude

stability 
( S) 

timing 

H r    0.41 0.31   

 p    0.00 0.02   

OA r -0.38 0.42 -0.37   A: -0.39 U: -0.36 

 p 0.01 0.01 0.01   0.01 0.02 
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Discussion 
Our first hypothesis that trunk movements would be indicative of impaired 
control in the elderly, particularly in the knee osteoarthritis patients, was 
confirmed. Thorax amplitudes were not different between groups, but patients 
had more variable trunk movements than the young, and both elderly groups 
showed reduced local dynamic stability of frontal plane trunk movements (i.e., 
higher S) compared to the young. High variability and reduced local dynamic 
stability of trunk movements in gait may identify fall-prone adults.25 In the 
present study, instability and the amplitude of frontal plane trunk movements, 
but not variability, were correlated with the number of falls in the healthy peers, 
but not in the patients. 

In line with our second hypothesis both elderly groups had larger step 
widths and shorter stride times than the young, which agrees with the 
literature,26,27 and is indicative of strategies to deal with balance problems.14 
However, contra our hypothesis, no differences between the elderly groups 
were found. Step width and stride time were correlated with falls in the patients, 
perhaps because these strategies were not completely successful. In the healthy 
elderly, no such correlation was found, but then, the number of falls in the 
healthy elderly was lower. 

In both elderly groups, the safety margin, dThor, was larger than in the 
young, suggesting that the compensatory strategies increased safety,14 but we 
found no correlation of dThor with the number of falls. There was a frontal 
plane asymmetry in the patients, unaffected dThor being larger than in the 
young at the lower speeds only, whereas the largest dThor was found at the 
patients’ affected side. This pattern suggests some leaning over of the trunk in 
the frontal plane towards the unaffected side (cf. Figure 3), possibly to unload 
the affected knee.4 Note that knee osteoarthritis patients may also lean over at 
the affected side,5 possibly to reduce the knee adduction moment,4 but affected 
side leaning over was not found in the present study. 

The most conspicuous group difference was found in dTime, the 
timing of thorax movement relative to foot placement. Both elderly groups had 
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shorter dTime than the young, and in both patients’ legs, dTime was shorter 
than in the healthy elderly. Control of frontal plane balance mainly depends on 
forces during heel strike,17 with the frontal plane component of the ground 
reaction force used to brake and reverse trunk movement. The fact that in our 
patients, thorax mediolateral position approached foot position at the time of 
foot placement would allow only a limited contribution of this force to braking 
the ongoing movement. Only an ankle strategy can be used to further control 
the movement after heel strike, but this is inherently limited by the width of 
the foot in the frontal plane.29 Patients’ trunk movements were, compared to 
the young, unstable and variable, and we suggest that changes in dTime may 
contribute to increased fall risk in knee osteoarthritis. Patients may suffer from 
hip muscle weakness,28 and poor hip abduction strength may hamper control 
of frontal plane trunk movements. We did not measure hip abductor strength, 
but the patients’ maximum knee extension moment was low, and shorter 
dTime may be a consequence of leg muscle weakness. In line with these 
suggestions, the knee extension moment and dTime were associated with falls 
in the patients.  

The concept of “safety margin” as applied here was based on a static 
analysis. Hof et al.,14 developed the extrapolated centre of mass concept, which 
incorporates the effect of velocity in the analysis. However, the present data 
did not allow for a reliable estimation of the whole-body centre of mass. Since 
thorax amplitude and thorax velocity during gait are likely to co-vary, this has 
probably not affected our between-groups comparisons. 

Causality cannot be inferred from correlations, and it was not always 
clear which correlations reflected effects of impairment on fall risk and which 
reflected compensatory strategies to fall risk. In addition, treadmill and 
overground walking are known to be different with respect to gait stability and 
variability.30 This latter effect is systematic, and probably did not bias our 
results. The statistical precision of estimates of S and variability16,23 depends on 
the number of strides analysed. We used not more than 40 strides per speed, 
but at six different speed levels. The fact that significant results were found for 
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stability suggests that statistical power was not a major problem. Still, lack of 
power may have led to some predictors of falls not gaining significance. Finally, 
the effects of age and weight may have been confounded, but not in analyses 
of the differences between the two elderly groups.  

 
Conclusion  
In comparison to young healthy adults, elderly with and without knee 
osteoarthritis used wider steps and shorter strides, presumably to stabilize gait 
in the frontal plane. In both elderly groups, this resulted in an increased margin 
of safety of the projection of the frontal plane thorax position relative to the 
base of support. The most conspicuous difference between the groups was 
found in the timing of the maximum lateral displacemen of the thorax, which 
occurred closer to foot placement in both elderly groups, particularly in the 
patients. This may compromise frontal plane balance because it reduces the 
contribution that the ground reaction force at the new stance leg can have in 
braking and reversing the ongoing lateral movement of the trunk.  
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Knee osteoarthritis has local and systemic aspects 
August 2011, we performed a quick and dirty meta-regression analysis of the 
walking speed differences between knee osteoarthritis patients and controls in 
27 studies that mentioned severity as well as co-morbidity. The STATA 
procedure informed us that the “Proportion of between-study variance 
explained” was 62.63%. During similar playing with our data, March 2012, we 
performed another analysis, of 14 studies that also mentioned age and pain, 
and we arrived at 73.01% variance explained. It is unlikely that these 
unpublished results will stand the test of time. New studies will appear, it is 
difficult to decide which comparisons are really independent, and there is some 
doubt in how far meta-regression analysis allows for conclusions about 
variance explained. Still, these exercises illustrate, with uncanny precision, a 
main problem, if not the main problem of studying Walking with Knee 
Osteoarthritis: How much of the patients’ problems is due to the local aspects 
of knee osteoarthritis, i.e., the narrowing of the joint space and pain, and how 
much is due to the other diseases that patients of this age range usually have? 
Is knee osteoarthritis a local or a systemic problem? Of course, it is both. 
 The 2011 Nobel Prize in Physiology or Medicine was awarded to 
Beutler, Hoffman, and Steinman for their work on the innate immune system 
(Figure 1), including dendritic cells (1970s), TNF-  (80s), and toll-like receptors 
(90s). The checkered history of the medical recognition of the innate immune 
system started in the early 1980s, when Eikelenboom discovered that 
inflammation is involved in Alzheimer’s disease.1 In the late 80s, Dantzer 
reported that peripheral inflammation leads to inflammation of the brain,2 and 
in the early 90s, Hotamisligil discovered that white adipose tissue produces 
inflammation mediators.3 White adipose tissue produces pro-inflammatory 
leptin.4 Obesity and inactivity lead to continuously high concentrations of 
leptin, which contribute to type 2 diabetes.5 Adiponectin is an anti-
inflammatory cytokine that is also produced by white fat (e.g.,6), but 
concentrations in obesity and inactivity are lower than normal. Low 
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concentrations of adiponectin are a risk factor for atherosclerosis, and thus, 
cardiovascular disease.7 The term “metabolic syndrome” was coined for 
clusters of obesity, inactivity, insulin resistance or even type 2 diabetes, and 
atherosclerosis or even cardiovascular disease (cf.8). The metabolic syndrome 
includes an upregulation of innate immunity,9 which spreads into the brain.10,11 
Knee osteoarthritis patients with metabolic syndrome tend to have more 
problems, and less prospects on functional recovery than other knee 
osteoarthritis patients.12 Is this just because of the co-morbidity, or does 
metabolic syndrome also affect the local aspects of knee osteoarthritis? 

Hotamisligil started to use the notion of “low grade inflammation”.13,14 
In retrospect, Hotamisligil pointed out that the immune system and the 
metabolic system must have evolved together, because immune activity 
requires energy,15 and the more energy is required for the immune system, the 
more the muscles must close their gates for glucose. Meanwhile, Dantzer 
concluded that the immune system is a key player in the general physiology of 
“danger”, such as cell death, or psychotrauma.16 Cytokine signals in the brain 
induce “sickness behaviour” to save energy.17 After some time, chemical 
changes in the brain may also induce mood disorders,18 and long periods of 
low-grade inflammation may end in clinical depression, one of the known 
forms of co-morbidity in knee osteoarthritis.19 
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Figure 1. Dendritic cell (top left), TNF-  (top, right), and toll-like receptor 3 (bottom) 

 
 In 2005, Licastro argued that upregulation of the innate immune 
system may be the price we pay for our longevity.20 At older age, the fine-
tuning of the immune system may become compromised, which appears to be 
involved in a host of geriatric diseases, e.g., Alzheimer’s disease, atherosclerosis, 
cardiovascular disease, type 2 diabetes, sacropenia, cancer.20 Perhaps 
surprisingly, Licastro does not mention osteoarthritis. However, in 2003, 
Dumond showed that increased leptin levels play a key role in osteoarthritis,21 
because leptin is involved in skeletal physiology, both at bone and cartilage 
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level.22 Thus, leptin appears to be involved in knee osteoarthritis as a local 
disease (through an upregulation of cartilage metabolism) and as a systemic 
disease (involved in metabolic syndrome). This may render it very difficult to 
discriminate between local and systemic aspects of knee osteoarthritis. 
 With the results of our studies, we had hoped to contribute to the 
understanding of the above discrimination. We were hardly successful. In 
Chapter 2, we found that older age, severity of knee osteoarthritis, and co-
morbidity were associated with lower walking speed, but we were left with 52% 
unexplained variance in our meta-analysis of conservatively treated knee 
osteoarthritis. In Chapter 3, we could not identify any factor other than time, 
both linear and squared, affecting the walking speed effects of knee 
arthroplasty. It is, however, clear that disentangling the more local and the 
more systemic aspects of knee osteoarthritis should remain an important focus 
of research. 
 
Walking speed 
The assessment of comfortable walking speed of one knee osteoarthritis 
patient at any specific moment is not very informative. A comfortable walking 
speed of  0.60 m/s is taken to be a strong risk factor for poor health,23 
whereas at 1.36 m/s or higher, the subject may count on outpacing death for 
some years to come.24 In the 2011 Christmas issue of the British Medical Journal, 
it was concluded that Death cannot walk faster than 1.36 m/s, since in a large 
cohort study none of the subjects, in their 70s, with a higher comfortable 
walking speed died during the 60 months of the study.24 Of course, most knee 
osteoarthritis patients will have a comfortable walking speed somewhere 
between the two extremes of 0.60 m/s and 1.36 m/s. Still, recent literature 
suggests that actual comfortable walking speed is a fair predictor of general 
health.24-29 

Bohannon30 presented 1.36 (0.21) m/s as the norm for comfortable 
walking speed for healthy men in their 60s, and 1.30 (0.20) m/s for healthy 
women, also in their 60s. In our meta-analysis of comfortable walking speed of 
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knee osteoarthritis patients vs. healthy controls (Chapter 2), we found 1.08 
(0.22) m/s in patients, and 1.25 (0.16) m/s in controls. Patients walked about 
one standard-deviation slower than controls. In a systematic review, Ornetti et 
al., (2010) reported group averages from 0.72 m/s to 1.07 m/s for knee 
osteoarthritis patients, on average 0.16 m/s slower than healthy controls. In 
our own cohort study (Chapter 4), pre-operative patients had a mean 
comfortable walking speed of 0.72 (0.44) m/s, and their age and BMI matched 
healthy peers 1.25 (0.19) m/s. Clearly, all these numbers are somewhat 
different, but appear to be not different in principle. 
 In a study of twin pairs, Pajala et al.,31 concluded that about half of the 
variance of maximum walking speed was accounted for by environmental 
factors and the methodology of walking tests. In a review of the impact of 
walk test methodology on measured walking speed, Graham et al.,32 found a 
significant effect of pace instructions, which is not surprising, but the authors 
suspected that also other methodological factors have a large effect on walking 
speed, and warned that even subtle differences in instructions may affect test 
results. To enhance between-study comparability, Graham et al.,33 
recommended a standardized protocol for walk tests. Even with standardized 
methodology, however, comfortable walking speed in knee osteoarthritis will 
have a large variance because of co-morbidity. Moreover, the slowing of 
comfortable walking speed may be a marker for incident knee osteoarthritis.34 
Slow walking speed may,35 but does not have to36 be related to joint space 
narrowing, and may be related to pain, but not in times of incident co-
morbidity.37 Walking speed is also known to be related to serum concentrations 
of inflammation mediators, which may be an indicator of co-morbidity, but 
also of the radiographic score.38 On the other hand, co-morbidity, or rather, 
the number of co-morbid conditions is known to predict walking speed.39 

 Graham et al.,33 have formulated important recommendations to 
standardize walk test methodology, but our first meta-analysis (Chapter 2) 
suggested that this will not be enough. We found that patients walked slower 
when they were older, when the knee osteoarthritis was more severe, or when 
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patiënts had more co-morbidity. Still, more than half the variance of effect-
sizes remained unexplained. Thus, it is imperative that the literature provides 
more relevant information. Quantitative information about the severity of knee 
osteoarthritis and the pain will have to be complemented with serum 
concentrations of inflammation mediators, and with a specification of the co-
morbidities included in the sample. Our playing around with more recent data 
may suggest that the literature is improving in this respect, from 48% explained 
variance in Chapter 2, to 63% and 73% in our informal exercises. Still, if this 
trend turns out to be confirmed, a specific set of quality criteria will have to be 
proposed, and accepted, for information to be reported in studies on walking 
speed in patients with knee osteoarthritis. 
 We would have liked to include inflammation mediators in our cohort 
study, but considering the intensive measurements it was not feasible to recruit 
a large population. Given the high variance of concentrations of inflammation 
mediators, this additional analysis would not have been very informative. 
 
Patient education, rapid recovery, and functional decline 
Recently, Carr40 described how knee replacement surgery became popular in 
the 1970s, and how it has turned into a well-establish procedure, known to be 
successful in relieving pain and improving function in knee osteoarthritis. Note, 
however, that this latter statement is based on longitudinal studies, without 
randomised control (cf. Chapter 3). Even more disconcerting is the fact that it 
remains unclear when exactly surgeons decide to recommend knee 
replacement. One may expect that knee replacement is the treatment of choice 
whenever the joint space has reduced to 0 anywhere in the joint, or when the 
pain is unbearable, but, in fact, it has been shown that pain, function, and 
radiographic appearance were not associated with the surgeon’s 
recommendation for knee replacement.41 The problem of when to operate is 
further confounded by the fact that patients may not have realistic expectations. 
Patients tend to be overoptimistic about functional recovery,42 and may be 
unaware that the functional effects of hip replacement are usually better than 
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those of knee replacement.43,44 Nor do patients always know that about 20% of 
them continue to suffer pain or experience other problems after knee 
replacement.40 

 Our meta-analysis of the effects of arthroplasty on walking speed 
(Chapter 3) may be used to educate the patients. Patients should know that, 
usually, comfortable walking speed will have improved considerably by one 
year after the operation (about 0.7 km/h), whereas the rate of post-operative 
recovery varies inter-individually. It is less clear whether or not knowledge 
about pre-operative walking speed should be used in the decision to 
recommend knee replacement. Carr40 argues that this decision should be guided 
by the patient’s symptoms, and slow walking speed is certainly an important 
symptom, particularly when it comes close to Graham’s 0.6 km/h.23 

 Knee replacement surgery appears to be cost-effective, but still, it is 
expensive. In the USA alone, the 2008 costs of total replacement were in the 
order of 10 billion US $.40 Hospital stay is a major component of the costs, and, 
naturally, attempts were made to reduce length of stay. Special protocols were 
written for the multidisciplinary team, with clear roles for all involved, and 
short lines of communication. Routine procedures were standardised, and 
suggestions were included to recognize whenever an individual patient 
developed differently from expected. There is no doubt that such “clinical 
pathways” have reduced length of stay, but it came as somewhat of a surprise 
that also functional recovery was quicker under a clinical pathway.45,46,47 
Patients started to walk earlier, which offered a clear rationale for “rapid 
recovery” programmes.48,49 The literature reveals that early post-operative 
physiotherapy also speeds up recovery.50 Our analysis of long-term reliability / 
stability (Chapter 4) suggested that quicker functional recovery may lead to 
higher levels of recovery. For comfortable walking speed, we found moderate 
correlations between 6 weeks post-operatively and 1 or 2.5 years, and high 
correlations between 6 months and 1 or 2.5 years. Actually, the majority of 
variables studied (Chapter 4) showed moderate to high correlations between 



153

early post-operative results (6 weeks or 6 months) and late post-operative 
results (1 year or 2.5 years). 
 Patients’ functional scores may remain stable from about 1 year post-
operatively onwards,51,52 after which they may, but do not have to decline 
(cf.12,51). Long-term decline may be due to pain developing in other joints, or to 
more general forms of co-morbidity, such as the metabolic syndrome.12,37 We 
found (Chapter 4) that maximum walking speed, comfortable walking speed 
(except 6 weeks post-operatively), maximum knee extension moment, 
WOMAC Function (between subsequent measurement points), SF-36 
Function (from 6 months post-operatively onwards), and pain had (moderate 
to) high post-operative long-term reliability, which suggests, but does not 
prove, that these variables can be used to monitor signs of impending 
deterioration. It remained unclear if maximum walking speed offers relevant 
information if also comfortable walking speed is known. Reliable measurement 
of the maximum knee extension moment requires special equipment, but it 
may be a predictor of falling (Chapter 6). Self-reported function and pain can 
be assessed easily. Thus, for routinely monitoring functional recovery after 
knee arthroplasty, we recommend to use comfortable walking speed, where 
possible also maximum knee extension moment, a questionnaire on Function 
(with the WOMAC’s pattern of correlations in Chapter 4 somewhat easier to 
understand than that of the SF-36), and pain. Note that a well-defined 
standardized and easy-to-use methodology for measuring comfortable walking 
needs to be developed. 
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Falling 
The burden of fall-related morbidity and mortality is rising world-wide, with a 
predicted cost in 2020 for the USA alone in the order of US $ 55 billion.53 
Clearly, it is desirable to identify fall-prone subjects, and to offer them 
preventive treatment, so that they may fall less, or less seriously. A 
COCHRANE Systematic Review on community-living elderly concluded that 
exercise interventions reduce the risk and rate of falling.54 In elderly 
community-dwelling subjects without a history of falling, who were below 77 
years of age, problems with the knees were identified as the major risk factor 
for falling, with an odds ratio of 1.8.55 

 Of the 16 pre-operative knee osteoarthritis subjects in our study 
(Chapters 5 and 6), 6 (37.5%) reported to have fallen at least once in the 
preceding year, with an average of 3.5 falls per faller. These numbers are not 
very different from those of Swinkels et al.,56 who reported that 24% of 
subjects had fallen on average 1.8 times in the three months before the 
operation. One year after the operation, 3 out of 14 patients in our study (21%) 
reported between 1 and 3 falls (average: 0.6) in the preceding period, which, 
again, is not very different from the literature. In our study, one post-operative 
subject sustained a rather serious injury upon falling. 
 Since falls in knee osteoarthritis patients may be related to an episode 
of buckling,57 our first study of gait stability focused on the kinematics of knee 
movements during walking (Chapter 5). Sagittal plane movements of the 
patients were less stable at the unaffected side than in controls, and less 
variable, particularly at the affected side. Only unaffected side variability 
correlated with the number of falls, with less falls in patients with less 
unaffected side kinematic variability (cf.58) We tentatively explain this by 
assuming that knee osteoarthritis patients rely more on the unaffected leg. One 
year after the operation, stability had normalized, while the rate of falling had 
not changed much, and we found no significant relationship between stability 
and falling. On the other hand, reducing variability appears to have been a 
strategy to reduce the risk of falling. After the operation, variability had further 
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reduced, in both legs. Patients may just have continued to use their pre-
operative strategy. 
 Our second study of gait and falling focused on trunk movements 
(Chapter 6), which are a risk factor for falling.59-62 Still, we found no significant 
group difference in the amplitude of trunk movements between our patients, 
healthy controls, and young subjects. Patients’ trunk movements were less 
stable and more variable than those of the young, but neither parameter 
correlated with the number of falls. Patients had larger step width and shorter 
stride time, both known to be strategies to deal with balance problems.63 Both 
step width and stride time predicted falls, suggesting that these strategies were 
not entirely successful. The safety margin of lateral trunk movements was 
larger, especially at the affected side, probably because of increased stride 
width, with some leaning over at the unaffected side. The most conspicuous 
group difference was found in the time relationship of maximum trunk 
excursion and foot placement, which almost coincided in the patients. This 
may have resulted from weakness of the hip abductors, that is, the (relative) 
inability to stand on one leg. This timing difference clearly correlated with 
falling, probably because it reduces the contribution that the ground reaction 
force at the new stance leg can have in braking and reversing the ongoing 
lateral movement of the trunk. We also measured knee extension moment, 
which was reduced, and correlated with falling. 

In summary, several predictors of patients’ falls in our studies 
(Chapters 5 & 6) were strategies to deal with the problems (i.e., decreasing 
sagittal plane variability of knee movements, increasing step width, and 
decreasing stride time). Muscle weakness (in our study, knee extension moment) 
is an underlying problem,64,65 in case of hip abductor weakness rendering it 
difficult to stand on one leg, which appears to have led to the coincidence of 
maximum trunk excursion and foot placement, a potential risk factor for 
falling. 
 We inspected post-operative data of the same patient group (not 
published, yet). It appears that the change in the timing of trunk movement 
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remained present, notwithstanding the fact the muscle strength, at least the 
maximum knee extension moment, had increased, although it remained below 
normal. This aberrant timing of trunk movement may contribute to post-
operative falls. On the other hand, patients had continued to reduce the 
variability of sagittal plane knee movements, which may reduce falls. The 
common denominator of these two observation is that patients appear to 
continue their pre-operative gait pattern, as has been suggested before.66 In 
general we don’t know why or how people switch off strategies when they are 
no longer needed, or even when the cause may have disappeared. 
 
The present Thesis: Answers and further questions 
In the preceding paragraphs of this general discussion, we elaborated on some 
general debates which are presently relevant to understand problems in walking 
with knee osteoarthritis. We have attempted to relate these debates to our own 
studies, and sometimes expressed our disappointment that we have failed to 
answer some questions. On the other hand, each of the studies we performed 
contained answers, or partial answers, to the questions formulated in our 
introduction, and these answers lead to suggestions for further research. 
 In Chapter 2, we asked if knee osteoarthritis patients walked 
systematically, and significantly, slower than controls, and which factors could 
be found that co-determine walking speed in knee osteoarthritis. The answer to 
the first part of this question was affirmative, knee osteoarthritis patients walk 
about 0.5 km/h slower than controls. Older age, more severe knee 
osteoarthritis, and co-morbidity were found to contribute to reduced walking 
speed in knee osteoarthritis. On the other hand, 52% of the variance of 
walking speed differences between patients and controls remained unexplained. 
New studies are needed that include information on co-morbidity and on 
concentrations of inflammation mediators. 
 The question in Chapter 3 was if knee osteoarthritis patients really walk 
faster after knee arthroplasty, and, similar to Chapter 2, which factors co-
determine the walking speed effects of knee arthroplasty. Again, the first part 
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of the question could be clearly answered. In the first 6 months after the 
operation the walking speed effects of knee arthroplasty are heterogeneous, 
probably because the rate of early post-operative recovery is different in 
different subjects. From 6 to 12 months post-operatively, patients walked on 
average 0.8 km/h faster than pre-operatively, which was a clear and significant 
effect. From 13 months post-operatively onwards, there were some signs of 
functional decline. Unfortunately, meta-regression analysis identified only time, 
both linear and squared, as factors co-determining the walking speed effects of 
knee arthroplasty. Further research should focus on factors that may speed-up 
recovery, and factors that are responsible for later decline. 
 In Chapter 4, we studied whether variables used to monitor functional 
recovery after knee replacement have sufficient long-term reliability / stability, 
so that health professionals may know that a sudden deterioration is not likely 
to belong to the normal day-to-day fluctuations of human function. We studied 
maximum and comfortable walking speed, the maximum knee extension 
moment, DynaPort Total, the Function scores of the KSS, WOMAC and SF-
36, and pain reported after a walking test. All variables had moderate to high 
long-term reliability / stability in at least some measurement points, except 
DynaPort Total and KSS Function. Our understanding of the exact patterns of 
the correlations, and practical considerations, were used to formulate 
recommendations. In monitoring functional recovery after knee replacement, 
comfortable walking speed (with a dip in reliability 6 weeks after the operation), 
the maximum knee extension moment (which requires special equipment), the 
WOMAC Function score (but only in the comparison of subsequent 
measurement points), and post-operative pain should be used. Still, this 
“recommendation” is based on a small cohort, initially 16 patients, and 10 at 
the end, and replication is urgently needed to decide if this pattern is generally 
valid. 
 In Chapter 5, the question was posed if aspects of knee kinematics 
during gait reveal instability or contribute to fall risk. Pre-operative knee 
osteoarthritis patients were found to have less local dynamic stability in their 
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sagittal plane knee movements, but this was not correlated to the number of 
falls. Post-operatively, instability was no longer present. Patients had reduced 
variability of sagittal plane knee movements, post-operatively even more than 
before the operation. This appeared to be a strategy to reduce the risk of falling, 
and less variability predicted less falling. Presently, it is unknown which 
measures best capture dynamic instability, and further research, with different 
measures, are recommended. Moreover, it remained unclear how patients 
reduce the kinematic variability of knee movements. This may require attention, 
a possibility that can be studied with dual tasks. 
 Finally, in Chapter 6 the question was if trunk movements during gait 
reveal instability or contribute to fall risk, and which strategies patients use to 
control balance. Frontal plane trunk movements were less stable in patients 
than in young controls, and had more variability, but neither factor predicted 
the number of falls. Patients had larger step width and shorter stride time, 
which are known strategies to improve balance, and the safety margin of trunk 
movements was increased, but both step width and stride time still correlated 
with the number of falls, suggesting that these strategies had only been partially 
successful. Patients had lower maximum knee extension moments, and had 
changed timing of peak trunk movement relative to foot placement, with the 
two events almost coinciding. Presumably, this was due to hip abductor 
weakness. This altered timing was correlated with the number of falls, probably 
because it reduces the patients’ ability to reverse the ongoing lateral movement 
of the trunk at the time of foot placement. Unfortunately, we did not include 
the measurement of hip abductor strength, and further research should 
establish if this factor is indeed causal in the alteration of the timing of foot 
placement. Moreover, the use of information about actual trunk movements 
deserves more research to increase our understanding.   
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Chapter 1: Introduction 
Many people over the age of 40 years suffer from knee osteoarthritis. Knee 
osteoarthritis is a degenerative disorder of the articular cartilage in the knee, 
evident as joint space narrowing on X-rays, leading to pain and functional 
limitations. In severe cases, patients may be recommended to undergo knee 
arthroplasty, which is becoming more and more popular. After the operation, 
pain usually decreases, but may remain present. Functional recovery often 
occurs later than the patients expect, may remain limited, and after a while, 
there is a risk of functional decline. The present thesis focuses on functional 
problems in knee osteoarthritis before and after knee arthroplasty. The 
emphasis is on walking, which is a fundamental activity of daily life, known to 
be affected by knee osteoarthritis. We performed five studies reported in the 
five chapters that form the core of this thesis. In the General Discussion, the 
studies are summarized and further questions are proposed. 
 
Chapter 2: Walking speed in knee osteoarthritis 
Knee osteoarthritis patients tend to walk slower than healthy controls. The 
question of this chapter was if the literature would reveal this effect to be 
systematic, and significant, and which factors could be found that co-determine 
walking speed in knee osteoarthritis. We performed a meta-analysis of 26 
published comparisons of the walking speed of patients and of controls. On 
average, patients walked about 0.5 km/h slower than controls, which was 
significant, but different studies gave very different results. There are many 
factors that could potentially affect walking speed, but in our study, meta-
regression analysis only revealed older age, more severe knee osteoarthritis, and 
co-morbidity to be factors that slowed down walking in the studies analysed. 
Of the variance of effect-sizes, 52% remained unexplained. 
 
Chapter 3: Walking speed effects of knee arthroplasty 
Our next question was if walking speed improved systematically, and 
significantly, after knee arthroplasty, and which factors could be found that co-
determine (the pattern of) walking speed recovery after knee arthroplasty. We 
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performed a meta-analysis of 16 studies of walking speed before and after 
arthroplasty. Until six months after the operation, very different changes in 
walking speed were reported, and no valid conclusion about the walking speed 
effects of knee arthroplasty could be reached. From six to 12 months post-
operatively, patients’ comfortable walking speed was about 0.8 km/h faster 
than pre-operatively, which was significant, and probably enough for a return 
to the walking speed of healthy peers. From 13 to 60 months after the 
operation, some signs of post-operative decline could be seen. In meta-
regression analysis, the only factor that could be identified as co-determining 
walking speed was time, both linear and squared. There was insufficient 
systematic information to decide which factors help to speed-up recovery, or 
which factors lead to recovery that lasts. 
 
Chapter 4: Long term reliability / stability in monitoring patients after 
knee arthroplasty 
Health professionals who monitor functional recovery after knee arthroplasty 
should be able to discriminate between systematic changes over time, the 
normal ups and downs of human health, and sudden deterioration in variables 
that normally are stable, which would require further attention. Our main 
question was if we could identify variables with sufficient long-term reliability / 
stability to pinpoint relevant sudden changes. We followed initially 16 and 
finally 10 patients before knee arthroplasty, and 6 weeks, 6 months, 1 year, and 
2.5 years post-operatively, using four different performance tests and three 
questionnaires, while pain was also measured. Linear mixed models were used 
to assess systematic changes over time, and to estimate long-term reliability / 
stability. After 6 weeks, some deterioration could be observed in performance 
tests, while the questionnaires already revealed improvement. All scores 
improved from 6 weeks post-operatively onwards, with a peak at 1 year post-
operatively. Comfortable walking speed was perturbed after the operation, but 
then returned to its original pattern of inter-individual differences, with high 
long-term reliability / stability. Pain settled on a new, stable pattern post-
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operatively. WOMAC Function had moderate long-term reliability between 
subsequent measurement points, which declined over longer periods of relative 
time. Also maximum walking speed, maximum knee extension moment, and 
SF-36 function had moderate or high long-term reliability / stability, at least at 
some time points. Practical considerations led us to recommend the routine 
use of comfortable walking speed (with a dip in reliability at 6 weeks post-
operatively), post-operative pain, WOMAC Function (relying on comparisons 
between subsequent measurement points only), and, if possible, the maximum 
knee extension moment, to monitor functional recovery after knee arthroplasty. 
 
Chapter 5: Stability and variability of knee movements during gait in 
knee osteoarthritis 
Knee osteoarthritis patients fall relatively often, which may be related to 
buckling of the knee. The question of this study was which aspects of knee 
kinematics during gait revealed instability or were a risk factor for falling. We 
studied stability and variability of sagittal plane knee movements during 
treadmill walking at different speeds, before and 1 year after knee replacement 
surgery in 16 knee osteoarthritis patients, and compared the patients to healthy 
peers. Patients reported how often they had fallen during the preceding period. 
Kinematic registration was performed opto-electronically. “Stability” was 
calculated as the short-term Lyapunov exponent of the angular velocity of 
sagittal plane knee movements, variability as the standard-deviation of these 
movements in the first 10% after heel contact. Patients’ maximum walking 
speed was reduced, possibly in order to walk more carefully. Pre-operatively, 
patients’ knee movements were less variable, particularly at the affected side. 
After the operation, variability had reduced even more. Variability was 
positively related to number of falls, and patients may have reduced variability 
to avoid falling. Pre-operatively, the sagittal plane knee movements of the 
patients had less local dynamic stability, especially at the unaffected side, which 
suggests that they relied on their unaffected leg to compensate for affected side 
problems. Post-operatively, stability normalized.  
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Chapter 6: The control of frontal plane balance during gait in knee 
osteoarthritis 
Frontal plane trunk movements are a major risk factor for falling in the elderly. 
This last study attempted to identify kinematic aspects of trunk movements 
during gait that possibly contributed to balance problems and fall risk in knee 
osteoarthritis patients, and to establish which strategies patients used to control 
balance. We studied gait kinematics in 16 knee osteoarthritis patients, waitlisted 
for knee arthroplasty, compared to 12 healthy elderly, and 15 young healthy 
controls. As a general indicator of muscle weakness, we included the maximum 
knee extension moment. Patients reported the number of falls in the preceding 
year. Frontal plane trunk movements were more variable in the patients, and 
local dynamic stability was decreased, but neither factor significantly predicted 
the number of falls. Patients used shorter stride time and larger step width, 
which are known strategies to reduce balance problems. Patients had a larger 
safety margin of their trunk movements, which suggested that their strategies 
were successful, at least in part. Still, both strategies were positively correlated 
with the number of falls. Patients’ maximum knee extension moment was 
reduced, and they reached their maximum trunk excursion closer to foot 
placement, possibly because of hip abductor weakness. Maximum knee 
extension moment and the relative timing of foot placement were both 
predictors of falling. The timing of foot placement close to the maximum of 
trunk movement may be a risk factor because it it reduces the patients’ ability 
to reverse the ongoing lateral movement of the trunk at the time of foot 
placement. 
 
Chapter 7: General discussion 
In the General Discussion, we elaborated on some debates that are presently of 
relevance to understand walking with knee osteoarthritis. First, it is important 
to be aware of the fact that knee osteoarthritis has both local and systemic 
aspects. It is difficult to disentangle the two, particularly since some factors, 
such as leptin, appear to be involved in local as well as systemic processes in 



168

knee osteoarthritis. Future research into walking with knee osteoarthritis 
should at least include serum concentrations of inflammation mediators, and 
an extensive specification of co-morbidities. 
 Second, there is no doubt that reduced walking speed is an important 
symptom of knee osteoarthritis, and that increasing walking speed again is an 
important goal of treatment. The literature gives some indication of the lowest 
walking speed at which patients can still be self-sustaining, i.e., 2.2 km / h. 
When comfortable walking speed is really high, 4.9 km/h, this can be taken as 
a sign of general health. Most knee osteoarthritis patients are between these 
two extremes. The results of our study of the walking speed effects of knee 
arthroplasty may be used to inform the patients on what to expect. Our 
analysis of long-term reliability / stability suggested that early functional 
improvement also leads to higher peak levels, which emphasizes the 
importance of rapid recovery. Walking speed has gained importance in recent 
literature, because it is a predictor of general health. Our data suggest that also 
WOMAC Function, post-operative pain, and the knee extension moment can 
be used as potential warning signals for functional decline. 
 Third, we discussed the importance of fall risk in studying knee 
osteoarthritis. In our own studies, we found a patient strategy that appeared to 
be successful, i.e., reducing the kinematic variability of sagittal plane knee 
movements, and two strategies to improve frontal plane balance, i.e., 
decreasing stride time, and increasing step width, which may have been 
successful, in that patients’ trunk movements had a larger margin of safety, but 
still predicted falling. Perhaps, the most surprising results of stability and 
balance during walking with knee osteoarthritis, was the changed timing 
relationship between the peak of trunk movements and foot placement. The 
two almost coincided in the patients, which appears to be a risk factor, a clear 
direction for further research. 
 Finally, we summarized our studies, and indicated specific directions 
for future research. 
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Hoofdstuk 1: Inleiding 
Veel mensen van boven de 40 jaar lijden aan artrose (“osteoarthritis”) van de 
knie. Osteoarthritis van de knie is een degeneratieve ziekte van het 
gewrichtskraakbeen in de knie, zichtbaar als vernauwing van de gewrichtsspleet 
op een röntgenfoto. Pijn en functionele beperkingen zijn de belangrijkste 
symptomen. In ernstige gevallen kan de patiënten worden aangeraden om een 
operatie te ondergaan met knievervanging (“arthroplastiek”), een procedure 
waarvan de populariteit meer en meer toeneemt. Na de operatie heeft de 
patiënt doorgaans minder pijn, maar er kan nog steeds pijn zijn. Functioneel 
herstel gebeurt doorgaans later dan de patiënten verwachten, is dikwijls niet 
compleet, en na enige tijd bestaat het risico van functionele achteruitgang. 
Deze dissertatie focust op functionele problemen bij osteoarthritis van de knie 
voor en na een knie arthroplastiek. De nadruk ligt op het lopen, een 
fundamenteeel onderdeel van het dagelijks leven, waarvan bekend is dat er 
problemen zijn bij osteoarthritis van de knie. We hebben vijf studies 
uitgevoerd, gerapporteerd in de vijf hoofdstukken die het hart van deze 
dissertatie vormen. In de Algemene Discussie worden de studies samengevat, 
en worden verdere vragen voorgesteld. 
 
Hoofdstuk 2: Loopsnelheid bij osteoarthritis van de knie 
Patiënten met osteoarthritis van de knie lopen doorgaans langzamer dan 
gezonde controles. De vraag van dit hoofdstuk is of de literatuur laat zien dat 
dit effect systematisch is, en significant, en welke factoren gevonden kunnen 
worden die de loopsnelheid van patiënten en controles mede bepalen. We 
hebben een meta-analyse verricht van 26 gepubliceerde vergelijkingen van de 
loopsnelheid van patiënten en controles. Gemiddeld liepen de patiënten 
ongeveer 0.5 km / uur langzamer dan controles, hetgeen significant was, maar 
de verschillende studies gaven zeer verschillende resultaten. Er zijn veel 
factoren die een effect kunnen hebben op de loopsnelheid, maar in onze studie, 
kon meta-regressie analyse geen andere factoren identificeren dan hogere 
leeftijd, grotere ernst van de knie osteoarthritis, en co-morbiditeit. In de 
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geanalyseerde studies droegen deze factoren bij aan het verlangzamen van de 
loopsnelheid. Van de totale variantie van de “effect-sizes” bleef 52% zonder 
verklaring. 
 
Hoofdstuk 3: Effecten van arthroplatstiek van de knie op de 
loopsnelheid 
Onze volgende vraag was of de loopsnelheid systematisch, en significant, 
toenam na arthroplastiek van de knie, en welke factoren gevonden konden 
worden die een effect hebben op (het patroon van) het herstel van de 
loopsnelheid na arthroplastiek van de knie. We voerden een meta-analyse uit 
van 16 studies van de loopsnelheid vóór en na arthroplastiek. Tot zes maanden 
na de operatie werden zeer verschillende veranderingen in de loopsnelheid 
gemeld, en een valide conclusie over de effecten van arthroplastiek op de 
loopsnelheid was onmogelijk. Van zes tot 12 maanden post-operatief was de 
comfortabele loopsnelheid van de patiënten ongeveer 0.8 km / uur hoger dan 
pre-operatief. Deze verbetering was significant, en vermoedelijk voldoende 
voor een terugkeer naar de loopsnelheid van gezonde leeftijdsgenoten. Van 13 
tot 60 maanden post-operatief waren er enige tekenen van functionele 
achteruitgang. In meta-regressie analyse was tijd, zowel lineair als kwadratisch, 
de enige factor die gevonden kon worden met een significant effect op 
loopsnelheid. Er was onvoldoende informatie om te concluderen welke 
factoren kunnen bijdragen aan snel herstel, of welke factoren leiden tot 
blijvend herstel. 
 
Hoofdstuk 4: Lange termijn betrouwbaarheid / stabiliteit in het 
monitoren van patiënten na arthroplastiek van de knie 
Gezondheidswerkers die functioneel herstel na arthroplastiek van de knie 
monitoren, zouden in staat moeten zijn om onderscheid te maken tussen 
systematische veranderingen over de tijd, de normale fluctuaties van de 
menselijke gezondheid, en plotselinge verslechtering in variabelen die 
normaliter stabiel zijn. Zulke verslechtering behoeft nadere aandacht. Onze 
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voornaamste vraag was of we variabelen konden identificeren moet voldoende 
lange termijn betrouwbaarheid / stabiliteit om relevante plotselinge 
veranderingen te kunnen identificeren. We volgden aanvankelijk 16 en aan het 
eind 10 patiënten van vóór arthroplastiek van de knie, tot 6 weken, 6 maanden, 
1 jaar, en 2,5 jaar erna. We gebruikten vier verschillende functie-testen en drie 
vragenlijsten, terwijl pijn ook werd gemeten. Lineaire gemengde modellen 
werden gebruikt om de systematische veranderingen over de tijd te evalueren, 
en om lange termijn betrouwbaarheid / stabiliteit te schatten. Na 6 weken was 
er enige verslechtering in de functie-testen, terwijl verbetering al zichtbaar was 
op de vragenlijsten. Vanaf 6 weken post-operatief verbeterden alle scores, met 
een piek na 1 jaar. Comfortabele loopsnelheid onderging een perturbatie na de 
operatie, maar keerde daarna terug tot het oorspronkelijke patroon van 
verschillen tussen de individuen, met een hoge lange termijn betrouwbaarheid 
/ stabiliteit. Na de operatie stabiliseerde pijn in een nieuw patroon. WOMAC 
functie had redelijke lange termijn betrouwbaarheid tussen naburige 
meetpunten, maar lagere waarden tussen punten die relatief verder weg lagen. 
Ook de maximale loopsnelheid, het maximale moment van de knie extensie, en 
SF-36 functie hadden een redelijke of hoge lange termijn betrouwbaarheid / 
stabiliteit voor tenminste een paar meetpunten. Praktische overwegingen 
leidden tot aanbevelingen voor het routine-gebruik van meetinstrumenten in 
het monitoren van het functionele herstel na arthroplastiek van de knie: 
Comfortabele loopsnelheid (met een dip in de betrouwbaarheid 6 weken post-
operatief), post-operatieve pijn, WOMAC functie (uitsluitend voor de 
vergelijking tussen opeenvolgende meetpunten), en, zo mogelijk, het maximale 
knie extensie moment. 
 
Hoofdstuk 5: Stabiliteit en variabiliteit van kniebewegingen gedurende 
het lopen met osteoarthritis van de knie 
Patiënten met osteoarthritis van de knie vallen relatief vaak, wellicht in 
samenhang met het “door de knieën gaan”. De vraag van deze studie was 
welke aspecten van de kinematica van de knie gedurende het lopen instabiliteit 
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laten zien en een risico vormen voor het vallen. We bestudeerden de stabiliteit 
en de variabiliteit van kniebewegingen in het sagittale vlak gedurende lopen op 
een lopende band met verschillende snelheden, vóór en 1 jaar na knie 
arthroplastiek. 16 Patiënten met osteoarthritis van de knie werden vergeleken 
met gezonde leeftijdsgenoten. De patiënten rapporteerden hoe vaak ze waren 
gevallen in de afgelopen periode. De kinematica werd opto-electronisch 
geregistreerd. “Stabiliteit” werd uitgerekend als de korte-termijn Lyapunov 
exponent van de hoeksnelheid van de kniebewegingen in het sagittale vlak, 
variabiliteit als de standaard-deviatie van deze bewegingen in de eerste 10% na 
hielcontact. Patiënten hadden een lagere maximale loopsnelheid, vermoedelijk 
om voorzichtiger te lopen. Pre-operatief hadden de patiënten minder 
variabiliteit van hun kniebewegingen, vooral aan de aangedane zijde. Na de 
operatie was de variabiliteit zelfs nog verder afgenomen. Er was een positieve 
relatie tussen variabiliteit en het aantal malen vallen, en patiënten lijken de 
variabiliteit te hebben verminderd teneinde vallen te voorkómen. Pre-operatief 
hadden de sagittale vlak kniebewegingen van de patiënten een verminderde 
locale dynamische stabiliteit, vooral aan de niet-aangedane zijde, hetgeen 
suggereert dat de patiënten een beroep deden op het niet-aangedane been om 
te compenseren voor problemen aan de aangedane zijde. Post-operatieve 
stabiliteit was normaal. 
 
Hoofdstuk 6: Balanscontrole in het frontale vlak tijdens lopen met knie 
osteoarthritis 
Rompbewegingen in het frontale vlak zijn een belangrijke risico-factor voor 
vallen in de oudere populatie. Deze laatste studie beoogde kinematische 
aspecten van rompbewegingen tijdens het lopen te identificeren die mogelijk 
bijdroegen aan balansproblemen en val-risico in patiënten met osteoarthritis 
van de knie, en tevens vast te stellen welke strategieën patiënten gebruikten 
voor balanscontrole. We bestudeerden de kinematica in 16 patiënten met 
osteoarthritis van de knie, die op een wachtlijst stonden om knievervanging te 
ondergaan, vergeleken met 12 gezonde ouderen, en 15 jonge gezonde 
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controles. Het maximale knie extensie moment werd gebruikt als een algemene 
indicator van spierzwakte. Patiënten rapporteerden hoe vaak ze waren gevallen 
in het afgelopen jaar. De rompbewegingen in het frontale vlak waren variabeler 
bij de patiënten, en hadden minder locale dynamische stabiliteit, maar geen van 
deze twee factoren had een significante relatie met het aantal malen vallen. 
Patiënten hadden een kortere staptijd en een grotere stapbreedte, hetgeen 
bekende strategieën zijn om balansproblemen te pareren. Patiënten hadden een 
grotere veiligheidsmarge van hun rompbewegingen, hetgeen suggereerde dat 
deze strategieën succesvol waren, althans ten dele. Aan de andere kant, beide 
strategieën hadden een positeve correlatie met het aantal malen vallen. Het knie 
extensie moment van de patiënten was verminderd, en de maximum romp-
excursie in het frontale vlak was in de tijd dichterbij het plaatsen van de voet, 
mogelijk door zwakte van de heupabductoren. Zowel het maximale extensie 
moment van de knie als de relatieve timing van het plaatsen van de voet 
voorspelden het aantal malen vallen. Wanneer de rompbewegingen hun 
maximum bereiken dichtbij het moment van het plaatsen van de voet, kan dat 
een risico zijn, want het geeft de patiënt minder mogelijkheid de beweging van 
de romp om te keren. 
 
Hoofdstuk 7: Algemene discussie 
In de Algemene Discussie gaan we in op een aantal debatten die momenteel 
van belang zijn om de problemen te begrijpen van het lopen met osteoarthritis 
van de knie. In de eerste plaats is het van belang te beseffen dat osteoarthritis 
van de knie zowel locale als systemische aspecten heeft. Het is moeilijk om de 
twee uit elkaar te halen, vooral omdat sommige factoren, zoals leptine, zowel 
bij de locale als bij de systemische aspecten van knie osteoarthritis betrokken 
zijn. Toekomstige research naar lopen met knie osteoarthritis zou tenminste de 
serumconcentraties van ontstekingsmediatoren moeten bepalen, en zou co-
morbiditeit uitvoerig moeten specificeren. 
 In de tweede plaats is verminderde loopsnelheid ongetwijfeld een 
belangrijk symptoom van osteoarthritis van de knie, en het weer doen 
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toenemen van de loopsnelheid is een belangrijk doel van de behandeling. De 
literatuur bevat enige indicatie van de laagste loopsnelheid waarbij patiënten 
nog steeds zelfstandig kunnen zijn, 2.2 km / uur. Een werkelijk hoge 
comfortabele loopsnelheid, 4.9 km / uur, is een teken van een goede algemene 
gezondheid. De meeste patiënten met osteoarthritis van de knie bevinden zich 
tussen deze twee extremen in. De resultaten van ons onderzoek naar de 
effecten van knie arthroplastiek op de loopsnelheid kunnen gebruikt worden 
om de patiënten te informeren over wat zij mogen verwachten. Onze analyse 
van lange termijn betrouwbaarheid / stabiliteit suggereert dat vroeg functioneel 
herstel ook tot een hoger piek-niveau leidt, hetgeen het belang van snel herstel 
nog eens benadrukt. In de recente literatuur is er veel aandacht voor 
loopsnelheid, omdat het een voorspeller is van de algemene gezondheid. Ons 
eigen onderzoek suggereert dat ook WOMAC functie, post-operatieve pijn, en 
het extensie moment van de knie gebruikt kunnen worden als mogelijke 
waarschuwingssignalen voor functionele achteruitgang. 

Ten derde bespraken we het belang van val-risico in de studie van knie 
osteoarthritis. In onze eigen studies vonden we een strategie die succesvol leek, 
namelijk het reduceren van de kinematische variabiliteit van kniebewegingen in 
het sagittale vlak, en twee strategieën voor het verbeteren van de balans in het 
frontale vlak, namelijk een verkorte staptijd en toegenomen stapbreedte. Die 
laatset strategieën leken te werken, met een grotere veiligheidsmarge van de 
rompbewegingen, maar waren toch voorspellers van vallen. Het wellicht meest 
verrassende resultaat met betrekking tot stabiliteit en balans tijdens het lopen 
bestond uit de veranderde relatieve timing van maximale romp excursie en het 
plaatsen van de voet. Bij de patiënten vielen deze twee bijna samen, hetgeen 
een risico-factor lijkt te zijn, en duidelijk verder onderzoek verdient.  
 Tenslotte gaven we een samenvatting van onze studies, en gaven we 
richtingen aan voor toekomstig onderzoek.  
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I was dead, I came alive; I was tears, I became laughter; all because of love 
when it arrived at my temporal life and from then on changed to eternal.  

Love said to me you are not crazy enough, you don't fit this house.  
I went and became crazy; crazy enough to be in chains. 

Rumi 
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