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1General Introduction 
Osteoarthritis is one of the most common causes of chronic disability in older adults 

(>55 years), particularly in the developed world1, 2. Hand, knee and hip osteoarthritis 

are the most common forms of osteoarthritis6, 7. Almost 25 years ago the public 

health implications of osteoarthritis were said to be vast10. Today this is more true 

than ever with the direct costs associated with osteoarthritis in the Netherlands in 

2011 estimated to be 1.1 billion euros, equivalent to 21.5% of the total healthcare 

costs for diseases of the musculoskeletal system6. With an aging population and 

increasing levels of obesity12, 13, the prevalence of osteoarthritis is expected to 

dramatically increase in the coming decades14, 15. In the United States, the demand for 

primary knee replacements is expected to increase by 673% by 203016, 17. Moreover 

the burden of osteoarthritis has a large effect on the economy in indirect costs (i.e. 

costs not associated with hospital visits or treatments), for example loss of economic 

production which was estimated to be more than €1000 per patient per year in Italy 

between 2000 and 200120. 

 Osteoarthritis is considered to be of multifactorial etiology, with an interplay 

between systemic and local factors. Based on a meta-analysis of over 90 studies, 

the principal risk factors for the onset of knee osteoarthritis (KOA) were found to 

be being over-weight or obese, previous knee trauma or injury, hand osteoarthritis, 

female gender and older age17, 21, 22. Obesity is considered to be the most modifiable 

risk factor24. Further risk factors for KOA include intermediate bone density25, 26, 

muscle weakness, particularly in females27, 28, joint laxity29, 30, vitamin D deficiency31, 

leg length discrepancy33, 34 and occupational factors such as frequent kneeling and/

or squatting35, 36 and jobs requiring heavy labour37.

 One of the most common symptoms of KOA is persistent knee pain with a 

prevalence in the Netherlands of 12.6% in men and 22.3% in women2. Pain is often 

worse during periods of activity and reduces during periods of rests, although in 

advanced stages of the disease pain may also frequently occur during rest38. The 

underlying cause of the pain is not well understood, but it is suggested to result 

from both peripheral and central sources38, 39. Other symptoms of KOA include knee 

stiffness, particularly in the mornings, and reduced functional ability32. These three 

symptoms are recommended for use in the (clinical) diagnosis of KOA32, particularly 

since substantial discordance exists between radiographic assessment of KOA and 

the pain severity41, 42.

 Increased pain levels and reduced functional ability in people with KOA may be 

factors leading to a reduced quality of life43, 44 and reduced ability to work. In a survey 
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loading49, 50. This finding can be explained by the fact that articular cartilage and 

cancellous bone, both viscoelastic materials, become stiffer and less deformable 

under high rates of load51, 52. Less ability to deform under load means that the contact 

area decreases, further increasing the stresses53 and the likelihood of cartilage matrix 

damage. Under repetitive impulse loading, micro-damage to the cartilage matrix and 

subchondral bone accumulates, causing greater damage. Remodeling of the bone 

is a common feature of osteoarthritis, with increases in metabolic activity of both 

the chondrocytes and osteocytes54-56. As a result of this remodeling, the thickness 

of subchondral bone in the areas of cartilage loss increases and bony osteophytes 

form at the junction of the synovium and capsule insert as shown in Fig. 1.2. These 

of 117 people with KOA, 94 reported hindrance in work due to knee symptoms and 23 

reported absences at work in the past three months due to knee symptoms45. Since 

there is no cure for osteoarthritis, treatments are aimed at alleviating the symptoms 

as much as possible. Treatments can be generally divided into three categories46:

1. non-pharmacological treatments such as education, exercise, lifestyle changes 

and assistive devices

2. pharmacological treatments such as paracetamol or non-steroidal anti-

inflammatory drugs

3. invasive interventions such as arthroscopy.

KOA can be sub-divided based on the compartment(s) in terms of the specific 
location; i.e. patella femoral, medial or lateral tibio-femoral osteoarthritis. 
Typically medial KOA is more common than lateral33. In a study of 2652 Caucasian 
or African American subjects, aged between 50 and 79, who either had or were at 

high risk of knee osteoarthritis radiographic assessment, assessment of the amount 

of joint space narrowing (JSN) medially and laterally was performed. Results showed 

that 29.5% of all knees had radiographic evidence of medial JSN, 8.2% lateral JSN and 

2.3% bilateral JSN with the remaining knees being osteoarthritis free47. Differences 

in the prevalence of medial and lateral KOA were found both between males and 

females and between African American and Caucasian subjects, with higher presence 

of lateral JSN in females and in the knees of the African Americans than the knees 

of the Caucasian subjects. This indicates a non-homogenous prevalence within the 

wider society. 

Osteoarthritis Pathogenesis 
Historically, osteoarthritis was considered to be a simple mechanical disease, with 

degeneration caused by “wear and tear” of the joint. However this is not supported 

by the epidemiology of osteoarthritis. If it were solely caused by “wear and tear” of 

the joint we would expect a higher prevalence of KOA in moderately active persons 

in comparison with sedentary persons. However, it is known that moderate levels of 

activity may actually guard against KOA48. While osteoarthritis has been described 

as a failure of the joints caused by mechanical factors10, it is now understood that 

other non-mechanical factors also play an important role. Initiation of damage to the 

articular cartilage can be as a result of trauma, habitual loading, metabolic factors or 

anatomic deformities, and is distinct from the progression of the cartilage damage10. 

Animal studies in the 1970s and 1980s showed that progression of osteoarthritis, 

at both the articular cartilage and sub-chondral bone level, occurred as a result of 

repetitive loading, even at a relatively low level and not only as a result of excessive 

Prevalence of knee osteoarthritis in the Netherlands 
Studies in the early 90’s and early 00’s revealed that the prevalence of radiographic 

knee osteoarthritis in the Netherlands was between 19 and 43 persons per 

100 population, with a higher prevalence when the age range was limited to 

adults between 67 and 92 years3, 4. Meanwhile the prevalence of self-reported 

knee pain was reported to be12.6 % in men and 22.3% in females aged over 

552. In the Netherlands in 2015, over 19,000 males were diagnosed with knee 

osteoarthritis compared to 33,700 females, with the absolute number of people 

with knee osteoarthritis estimated to be over half a million8.Prevalance of knee 

osteoarthritis is higher in females than males across all age groups (Fig. 1.1).

Figure 1.1: Prevalence of knee osteoarthritis in males and females in the Netherlands in 2015, 
reproduced from11.
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inflammation60. Considering the mechanical component, it is relatively easy to 

imagine that over-loading (particularly repetitive over-loading) can result in cartilage 

damage. However, it might be less easy to understand how under-loading the joint 

can cause damage. Animal studies have shown during periods of immobilization bone 

and cartilage remodeling occurs, with decreases in the articular cartilage thickness61, 

62. This suggests moderate loading is essential to maintain cartilage health. One 

example of the interplay between the mechanical factors and the structural factors 

is the relationship between cartilage thickness and knee flexion angle. At heel strike, 

the knee flexion angle is such that the thickest part of the cartilage on the medial 

condyle will be loaded. Thus injury or changes in joint stability which cause a person 

to alter their knee flexion angle at heel strike causes the loading point to change to a 

thinner region of the cartilage63.

 While still not fully understood, the importance of obesity in osteoarthritis 

cannot be over-emphasized. That obesity is associated with higher prevalence of 

osteoarthritis of the hand, which is not a weight-bearing joint, implies that it is not 

simply a case of increased “wear and tear” by excess loading with increased adipose 

tissue/ body mass64, but a more complex process related to low level systemic 

inflammation65. The interplay between the biological component, obesity related 

systemic inflammation65, and the mechanical component is considered to be a 

potential mechanism of accelerating osteoarthritis progression59.

 In biomechanical research much effort is concentrated on understanding the 

forces acting on the body and in the case of KOA particularly the forces that act within 

the knee joint. In the model proposed by 60 this can be considered as the mechanical 

component. While the knee contact forces during quiet standing are only just over 

1 x body weight (BW), during one legged-stance this increases by about 2.5 times 

with even greater forces recorded when there is difficulty maintaining balance66. 

During walking, one of the most common, if not the most common functional daily 

activity, forces through the knee are again higher than during quiet standing (around 

2.5 x BW)66. This can be explained by considering that the force through the knee 

is not simply a result of the mass of the body (above the knee) multiplied by the 

acceleration due to gravity (i.e. mg). If this were the case, then we would expect that 

the force through each knee in quiet standing with the weight distributed equally 

between the two feet would be around 0.40 x BW (based on an estimation of 10% 

BW for each shank). We must then consider the other forces that are acting on the 

knee joint, namely forces due to acceleration of the body during walking or other 

movements and forces due to the muscles acting on the joint, firstly to maintain the 

posture of the joint and secondly as a result of agonistic and antagonistic muscles. 

The muscle forces of the agonistic muscles are required to counter the external 

joint moments by creating an internal joint moment. The addition of co-contraction 

changes, in conjunction with joint space narrowing and the thinning of the articular 

cartilage, mean that the joint properties change; in particular the contact surface 

areas reduce and the contact pressure on the remaining areas increases57. 

Figure 1.2: A) Anterior-posterior weight bearing radiograph showing signs of osteoarthritis, 
particularly joint space narrowing and formation of osteophytes (bony projections). B) A magnification 
of the right knee, with arrow pointing to joint space narrowing on the medial side. Osteophytes are 
shown in both the femur and tibia within the red outlines. Image reproduced from 58 with small edits 
to show the osteophyte location. 

In recent years, it has been shown that the etiology of the osteoarthritis is multi-

factorial, with contributions from structural and biological pathways. However it 

remains a complex disease and despite the extensive impact, the etiology is not yet 

fully understood59. In 2015, a model (Fig. 1.3) was developed that shows that cartilage 

health depends on three components: 

1. a biological component (genetics, systemic inflammation and cell metabolism)

2. a mechanical component (at the tissue level, and intrinsically linked to the 

mechanical component at the whole body level)

3. a structural component (joint alignment, cartilage properties etc.) 

 It was proposed that when one of these components exceeds the normal range, 

it disrupts the homeostasis of the tissue, that over time may lead to the initiation 

of cartilage degeneration in the joint60. Disruption of the healthy homeostasis (Fig. 

1.3c) may be in the form of increased loading through the knee joint, changes in 

ligament tension resulting in alterations in static alignment or increases in joint 
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explains why during a sudden loss of balance in one-legged stance the knee contact 

forces dramatically increase due to a sudden increase in muscle activity required to 

stabilize the joint. 

 A schematic diagram showing the forces acting on the knee joint in the sagittal 

and frontal plane is presented in Fig. 1.4. The model shown is known as a statically 

determinate model. It can be used to calculate the knee joint force as the sum of the 

forces acting on the joint (namely, the external forces, the hamstring/ quadriceps 

force and the forces shown in the diagram as medial/ lateral forces which may include 

contributions from the collateral ligaments and from thigh muscles via the iliotibial 

tract)67. While this type of model has been used successfully to estimate the knee joint 

contact forces68, it cannot account for co-contraction of the muscles and therefore 

the actual resulting reaction forces are likely to be higher than calculated. Modeling 

of knee forces in this way implies the assumption about the activity of the agonist 

muscle only (i.e. that no co-contraction is present). Furthermore, muscle moment 

arms are often estimated from anthropometric data. Since the muscle moment arms 

around the knee are small, even small errors in the calculation of the muscle moment 

arms will result in large errors in the muscle force calculation. 

 Joint forces cannot be measured in-vivo in the normal or osteoarthritic knee. 

Given the complexity of calculating the joint forces in the case of co-contraction or 

co-activation (see example in text box 3) and the sensitivity of the calculation to the 

length of the muscle moment arms, net joint moments around the knee are more 

commonly used in the field of KOA biomechanics, to indirectly express joint load, 

although we know that it is only the very first approximation. The net external joint 

moment is considered to be the moment around the knee resulting from the ground 

reaction force acting at a distance from the knee and is considered to be balanced 

by an equal and opposite moment generated by the knee spanning muscles. The 

net moments can be measured through use of gait analysis and are considered as 

surrogate measures of the knee joint forces. The frontal plane knee joint moment, the 

knee adduction moment, is considered the most important of the three knee joint 

moments and is used as a surrogate measure of the knee contact force.

Figure 1.3: Model of osteoarthritis systems, reproduced from Andriacchi, et al. (2015)60. In a) the three 
key components that are contribute to cartilage health are presented. In b) the model shows that 
when all three components are in balance. In c) the functional mechanics (joint load/ kinematics/ 
muscle function exceeds the normal range) which upsets the homeostasis of the model and can over 
time lead to clinical osteoarthritis. 
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The Knee Adduction Moment 
In the field of KOA research during the last three decades, investigation of the knee 

adduction moment (KAM) has grown enormously. According to a simple PubMed 

search the first paper reporting on the KAM was published in 1985 and reported that 

people with a lower pre-surgical (high tibial osteotomy) KAM had better post-surgical 

outcomes than those with higher pre-operative KAM69. Between 1985 to August 2017 

a total of 420 papers which included the words “Knee Adduction moment” in the title 

or abstract had been published (Fig. 1.6a), with a large increase in publications per 

Figure 1.4: Model of the knee used to calculate the knee compression (knee joint reaction force). 
Reproduced from Smith, et al. (2008)67

Figure 1.5: Photo of the Virtual Reality Lab at the VU medical Center showing A) infrared-emitting 
motion capture cameras used to record the position of reflective markers placed on bony landmarks 
of the subject, B) force plates embedded into a split-belt treadmill. 

Figure 1.6a: Number of PubMed publications per year from 

1985 to 2017 and cumulative sum which include knee adduction 

moment in the title or abstract. 

Figure 1.6b: Number of PubMed registered publications per 

year from 2000 to 2017 and cumulative sum which include knee 

adduction moment and knee osteoarthritis. 
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 Although the KAM is a time-series over the stance phase of the gait cycle, studies 

reporting on the KAM tend to focus on discrete points. Due to the characteristic 

double peaked shape (Fig. 1.8), the two peaks of the KAM are often chosen for analysis. 

In addition, the impulse (area under the curve), which provides an indication of the 

magnitude and duration of the loading is considered to be important and therefore 

often used as an outcome measure71-73. The KAM is often used as a representation of 

the loading in the knee joint, since the loading itself cannot be measured , in vivo. 

Figure 1.8: Knee adduction moment in knee osteoarthritis patients.

Association between Knee Adduction Moment and Knee 
Osteoarthritis 
The first evidence of an association between radiographic severity of KOA and KAM 

was from a cross-sectional study in 2002 by Hurwitz, et al. (2002)74. They reported 

that the first peak of the KAM (occurring during early stance), in a group of 62 people 

with KOA (mean age 62±10), was significantly greater than that of asymptomatic 

persons of the same age (p=0.027). Furthermore they showed that the first peak of 

the KAM was correlated to radiographic measures of disease severity in the medial 

compartment (medial joint space narrowing, R=0.48 p<0.001 and medial sclerosis, 

R=0.43, p<0.001). The difference in KAM at the first peak between healthy controls 

and people with KOA was confirmed in a later study from the same group75. In contrast 

to the first peak, at the second peak Hurwitz, et al. (2002)74 reported no difference in 

the KAM between the KOA group and the asymptomatic group (p=0.391). 

year in the late 2000s and early 2010s. Searching for “Knee Adduction Moment” and 

“Knee osteoarthritis” reveals that the first paper in this area was published in 2000. 

Since then there have been 323 publications investigating KAM and KOA (Fig. 1.6b). 

From these results alone it appears that the KAM is therefore a parameter of interest 

in KOA research. In the following part of this introduction we will discuss what the 

KAM is and why it is considered to be important in KOA. 

 The KAM can be defined in simple terms as the product of the ground reaction 

force and the perpendicular moment arm from the knee joint centre to the line of 

action of the force as shown in Fig. 1.7. 

Figure 1.7: Diagram showing ground reaction force, GRF, (black arrow) and moment about the knee 
(green arrow) as a result of the distance from the knee joint centre to the ground reaction force, 
adapted from 70 (addition of green arrow).

This method of calculating the KAM (known as the lever arm method) gives an 

indication of the magnitude of the KAM. However, it is now generally accepted that 

the KAM should be calculated using inverse dynamics which is based on the Newton-

Euler equations of motion and uses both linear (∑ m = Iα) and angular acceleration  

(∑ m = Iα).

 Where F is force, m is mass, α is acceleration, m is moment, F is the mass moment 

of inertia and α is angular acceleration.
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 Studies investigating changes in KAM or differences in KAM between study groups 

often focus on people with medial KOA, where the alignment of the legs is more often 

in varus than valgus. Greater varus malalignment is associated with a higher peak KAM 

(both first and second peak)74 with correlation coefficients of 0.74 and 0.75 respectively. 

It is often assumed that KAM is representative of the internal knee contact force and that 

interventions which can reduce the KAM result in a reduction in the knee contact force. 

In the past decade, the invention of the instrumented knee prosthesis with telemetric 

data transmission has made it possible to quantify the relationship between measured 

knee force and the knee adduction moment. These prostheses are considered to be the 

gold standard, given that measurement of forces within the intact knee is not possible. 

From a study of nine subjects with instrumented knee replacements, a moderate 

correlation between KAM and medial knee contact force was found across the full 

stance phase (R2=0.56)81. Despite reasonable correlations, the authors suggest the data 

are interpreted with caution due to high inter-subject variability. While instrumented 

prostheses present a method of direct measurement of knee joint forces, they cannot 

be used in all individuals and in particular, cannot be used to determine pre-operative 

loading where mal-alignment of the lower limb may lead to higher loading. To overcome 

these limitations, musculoskeletal model and particularly electromyographic (EMG) 

driven models have been developed to estimate the knee contact forces, for example 

in a study of 16 patients with medial KOA and 12 control subjects82 where it was shown 

that the medial contact force in patients with medial KOA was higher than that in control 

subjects. Furthermore a positive correlation was found between peak KAM, peak KFM 

and the medial contact force during the first half of stance. 

 Although the KAM is not the perfect measure of knee contract load, taken together 

the evidence of increased KOA progression with increased KAM plus evidence of 

higher medial knee contact force in KOA subjects, suggests that there is a real and 

urgent need to find clinically applicable methods for reducing the KAM in patients 

with medial KOA in order to reduce the loads in the knee and potentially slow the 

progression of the disease. 

Methods for reducing the knee adduction moment
Over the past two decades, many interventions have been investigated with the goal 

of reducing the KAM with varying degrees of success. Typically interventions aim to 

reduce either the magnitude of the ground reaction force or to reduce the moment arm 

between the knee joint centre and the line of action of the force. More recently, there 

have also been efforts to investigate the effects of such interventions on the internal 

joint loading in addition to the external joint moments. Interventions to reduce KAM 

can be broadly divided into five categories as discussed in the following paragraphs: 

 In 2009 a systematic literature review 76 found that of six studies investigating KAM 

in KOA patients compared to controls only two reported higher KAM in KOA patients. 

However KAM was reported to be higher in patients with more severe KOA compared 

to less severe KOA. In another systematic review investigating the causal link between 

knee loading and KOA progression77, only limited and low quality evidence was found 

to support a link between the two. Despite this, there is evidence from longitudinal 

studies to suggest that KOA progression is related to the magnitude of the KAM78,79.

 For example, in a study of changes in radiographic features of the knee, 

radiographic disease progression was observed in 32/74 patients at 6 year follow 

up78. In patients with disease progression, the peak KAM at baseline was significantly 

greater than in patients without radiographic disease progression (p<0.001). In 

addition, these patients reported higher baseline pain levels than those with non-

progressive OA (p<0.05). Based on this cohort of patients, the risk of progression of 

knee OA increased 6.46 times with a 1% increase in adduction moment. Miyazaki, et 

al. (2002)78 therefore concluded that measurement of KAM is one of the most useful 

screening tests to detect radiographic disease progression. Furthermore based on 

their results, decreasing the KAM may be an important strategy for slowing the 

progression of the disease.

 In another longitudinal study Bennell, et al. (2011)80 reported that in a group of 144 

people with clinical and radiographic KOA, KAM impulse at baseline was predictive of 

greater annual loss of medial tibial cartilage volume, defined from MRI scans ( p=0.002). 

However, no correlation was found between peak KAM at baseline and loss of medial 

tibial cartilage volume (p=0.88). The authors suggest that KAM impulse may better 

reflect loading across the whole medial tibial cartilage plate than KAM peak. 

 A third longitudinal study of 16 subjects with radiographic KOA over five years 
79 found that peak KAM, peak knee flexion moment (KFM) and baseline pain were 

strongly associated with changes in femoral medial-to-lateral cartilage thickness 

(R2=0.60, p=0.010) with peak KAM at baseline the main predictor of the changes in the 

thickness ratio. Tibial cartilage changes in medial-to-lateral thickness were associated 

with changes in baseline KAM and KFM (R2=0.41, p=0.032) and to baseline KAM, 

KFM and walking speed (R2= 0.49, p=0.039). The results of this study emphasize the 

importance of considering not only KAM, but also KFM which is shown to influence 

the tibial cartilage loss more than KAM. Based on these findings, Chehab, et al. 

(2014)79 suggest that interventions which reduce the KAM while increasing KFM may 

be detrimental to cartilage health in specific regions. Interestingly, and in contrast 

to the findings of Miyazaki, et al. (2002)78 higher baseline pain was associated with 

less change in the medial to lateral cartilage thickness ratio over time. This negative 

association suggests subjects with higher pain levels purposely use gait adaptations 

to reduce the loading in the medial compartment. 
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of the individual studies94. A second systematic review and meta-analysis reported a 

small but significant effect on first peak KAM of LWI compared to neutral orthosis and 

a small but non-significant effect of the LWI compared to control shoes95. Compliance 

after six months has been shown to be reasonably high (87.8%) but effects of LWIs on 

patient reported outcome measures are limited96. 

 A second commonly used assistive device is the unloader brace (Fig. 1.10) which 

aims to reduce the varus deformity through application of external moments applied 

proximally and distally to the knee joint97. A systematic review of the biomechanical 

effects of unloader braces98, based on 24 studies with a total of 396 study participants, 

found that reductions in KAM were reported in 20/24 studies. However there was 

considerable variability between the findings of the different studies. In addition 

there was significant heterogeneity within the studies, in terms of the types of braces 

and the number of subjects98. A second systematic review and meta-analysis of 

changes in peak KAM with use of an unloader brace, based on 17 studies and 218 

study participants, found a combined standardized mean difference of 0.61 95% CI 

from 0.39 to 0.8399. However, they also found significant heterogeneity between the 

studies and significant evidence of publication bias. Compliance with knee braces in 

the long term is rather poor100. Despite these limitations, both knee braces and LWIs 

have been recently recommended for use in people with KOA by two expert panels 

from the field of osteoarthritis32, 86. 

 A third assistive device that may have advantages compared to the LWI is the 

ankle foot orthosis (AFO). The major disadvantage to the LWI is that it does not 

stabilize the ankle. This problem is overcome through use of an AFO, which has a 

rigid support that is positioned medially and supports the shank position, as shown 

in Fig. 1.11. To date, to the best of our knowledge, published work using an AFO has 

been predominantly in healthy controls. In one study of 10 healthy adults101, peak 

KAM was significantly reduced (by over 40%) through use of a LWI together with 

an AFO. In another study of 14 healthy subjects walking with a prototype AFO with 

different alignments between 4° varus and 4° valgus, first peak KAM was reduced by 

up to 13% compared to baseline walking. A recent study of 25 KOA patients using a 

novel AFO showed promising results in terms of patient reported outcome measures 

during quarterly measurements over a one year follow up102. However, the study did 

not evaluate changes in knee biomechanics as a result of using the AFO. Mauricio, et 

al. (103 recently published a conference abstract reporting the effects of an AFO on 

the KAM in 28 KOA patients, with results showing that peak KAM and KAM impulse 

were significantly reduced when using the AFO in the immediate term and also after 

six-weeks use (p<0.05).However first peak KFM, sagittal plane knee moment, also 

increased significantly. 

Weight loss
Since being over-weight is a risk factor for osteoarthritis83, 84 and since meta-analysis 

has shown positive effects of weight loss regarding both pain and (dis)ability85, it 

stands to reason that all patients with knee or hip osteoarthritis are educated in the 

importance of lifestyle changes including weight reduction32, 86. From a biomechanical 

perspective, it is logical that a reduction in mass leads to a reduction in the ground 

reaction force, which leads to a reduction in the magnitude of the non-normalized 

KAM. However KAM is usually normalized to body weight; hence negating the effect of 

weight reduction on the KAM. In a study of over one hundred sedentary, overweight 

and obese older adults with symptomatic KOA following a weight loss program, 

significant effects on knee moments and forces were observed after adjustment of 

the data for mass at baseline87. A one percent reduction in total body weight led to 

a four percent reduction in the compressive knee force, showing that weight loss is 

indeed an effective intervention for reducing knee load87. 

Surgical interventions
High-tibial osteotomy (HTO) is used as a surgical intervention to reduce the KAM 

by correcting the varus malalignment and thus reduce the moment arm between 

the knee joint centre and the ground reaction force. This is an effective surgery, 

with reported reductions in the KAM of up to 67% (p<0.001)88. A recent systematic 

review of twelve articles (including 383 knees) reported that of studies reporting 

KAM changes, all reported a decrease in KAM at post-op follow up comparted to the 

pre-op value89. Moreover post-HTO KAM reductions are correlated with changes in 

the internal knee contact force90. In comparison to non-surgical treatments a recent 

propensity matched study using data from two completed RCTS (one comparing use 

of a brace to normal care and the other comparing two surgical procedures for HTO) 

found evidence to suggest HTO was more effective than brace treatment or usual 

care for pain reduction91. However, as with all surgical interventions, there are risks 

associated with this type of surgery such as major nerve injury, skin irritation or deep 

infection92. 

Use of assistive devices
Assistive devices for reducing the KAM come in a variety of forms. Perhaps the most 

well-known is the lateral wedged insole (LWI), as shown in Fig. 1.9. The LWI, which 

was first investigated in KOA patients in 198793, aims to correct varus malalignment 

at the knee through the shape of the insole. A systematic review of the effectiveness 

and safety of lateral wedged insoles94 based on 10 randomized control studies with 

a total of 1095 participants, found that although, in general the evidence indicated a 

reduction in the KAM with the use of LWIs, there were contradictory results from some 
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Modifications to the gait pattern 
Over the past decade there has been much investigation into the use of gait 

modifications as a method for reducing the KAM since it offers an alternative to 

the use of assistive devices described previously. Perhaps the most simple gait 

modification is to reduce the speed of walking since the magnitude of the ground 

reaction force and hence the peak KAM is associated with walking speed, with higher 

walking speed leading to a higher peak KAM107-109. However, reducing the walking 

speed increases the duration of the loading and hence causes an increase in the 

KAM impulse107, 108; a parameter which is linked to increased progression of KOA80. 

Furthermore, it can be argued that encouraging people with KOA to walk at reduced 

speeds is not functional and therefore not clinically recommended. 

 Another relatively simple method of influencing the KAM through modifying the 

gait pattern is to use walking poles. However, whilst some studies report a reduction 

in KAM with walking poles110-112, others report an increase113, 114, suggesting that this 

option may not be generalizable to a wider population. Furthermore, this type of 

gait modification requires that the patient uses an external device, which may not be 

practical or feasible in day to day activities. 

 Modifications to the gait pattern itself that can reduce the KAM include altering 

the foot progression angle; walking with either increased toe-in108, 115-117 or with 

increased toe-out108, 115, 118, walking with increased medio-lateral trunk sway108, 119-121, 

walking with wider steps122-124 or walking with medial knee thrust73, 119, 120. In 2011, 

Simic, et al. (2011)125 conducted a systematic review of the literature surrounding the 

use of gait modification strategies to modify the KAM. At that time they found 24 

studies meeting the inclusion criteria, with 14 different strategies investigated. While 

the results were not completely homogenous across different studies, reducing toe-

out (increasing toe-in), reducing walking speed, walking with medial knee thrust or 

increased trunk lean were generally effective strategies for reducing the first peak 

KAM, whilst walking with increased toe-out, increased speed, increased step width 

and medial knee thrust were generally effective for reducing the second peak KAM. 

Since the publication of this review, many new studies have been published in this 

field including the first longitudinal studies investigating the effects on the KAM of 

gait training with toe-in or toe-out modification over a longer period116, 118, both of 

which showed positive effects on the KAM after a period of 6 weeks and 10 weeks 

respectively.

 Hence, there is already considerable evidence to support the use of gait 

modifications in people with (medial) KOA in the immediate and short term. However 

there are still many unanswered questions, particularly relating to the longer-term 

compliance and effects of the gait modifications.

Figure 1.10: Knee unloader 
brace reproduced from Ebert, 
et al. (2014)105

Figure 1.11: Ankle foot orthosis reproduced from Fantini 
Pagani, et al. (2013)106

Figure 1.9: Lateral wedge insole reproduced from Lewinson, et al. (2015)104
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healthy individuals there was no difference in response to different forms of visual 

feedback (bar, changing colors, graph etc.). For training regarding changes in foot 

progression angle, Hunt and colleagues134 showed that the performance error was 

statistically reduced when using real-time feedback via motion-capture compared to 

using a mirror or real-time video. Despite this, the difference was relatively small and 

therefore the authors concluded that using a mirror or video camera is acceptable 

for the purpose of gait retraining in a clinical setting. Nevertheless, there is still much 

that can be learnt from use of optical motion capture systems in terms of determining 

the optimal feedback methods for each individual and learning how best to prevent 

unwanted compensatory movements.

Aim and outline of the thesis 
This thesis incorporated three aims with an overall aim to investigate the effects of 

using gait modifications to reduce knee joint loading in people with medial knee 

osteoarthritis. Specifically the three aims were to 

1. Investigate how different types of feedback can influence changes in the knee 

joint kinetics while walking in a modified gait pattern. 

2. Investigate the feasibility and effects (both short and longer-term) of a six-week 

gait training program, targeted to train patients with medial KOA to walk in a way 

which reduces the KAM.

3. Investigate the relationship between the KAM (and changes therein) and the knee 

contact forces. 

Part one 
From literature, we know that there are several different manners of providing 

feedback for encouraging gait modifications to reduce the KAM (i.e. haptic feedback117, 

visual feedback130, direct feedback73 and indirect feedback118). We would expect that 

particular modes of feedback and delivery methods would be more effective than 

others in training the gait modifications. Therefore, in chapter two we systematically 

reviewed the existing literature and used meta-analysis to evaluate whether there 

was evidence of an optimum feedback method. In chapter three we applied the 

knowledge from our systematic review in a group of KOA patients, specifically to 

investigate the responses to direct and indirect feedback. Based on the results of this 

study we designed a longitudinal study to train KOA patients to walk with a modified 

gait pattern over a period of six weeks. 

Use of Real-time Biofeedback for training gait modifications
Mature gait is considered to be established in late childhood or early adolescence126. 

Given that the onset of primary osteoarthritis typically begins in the 50 or 60s, 

this means that people will have been walking with their own established gait 

pattern for 40 years or more. Therefore, there are certain challenges associated with 

changing the gait pattern. To train gait modifications, many studies have made use 

of bio-feedback which can provide feedback to both the patient and the researcher/ 

clinician on a specific gait parameter in real time73, 115-118, 121, 127-131. Typically this is 

undertaken through use of real-time processing of motion capture data. Although 

the overall aim of the gait training is to reduce the KAM, few studies have presented 

feedback directly on the KAM itself73, 130, 132. Most studies have instead use feedback 

on a parameter, such as the foot progression angle, or trunk angle, that is considered 

to influence the KAM 115-118, 121, 127-129, 131. To differentiate between these two types of 

feedback in this thesis the terms direct and indirect feedback are used. We define 

direct feedback as feedback on the KAM itself and indirect feedback as feedback on 

a gait parameter considered to influence the KAM. Hence, we use the terms direct 

and indirect feedback to refer to the parameter on which feedback is given. We can 

also think about the feedback/ learning process as being implicit or explicit where 

explicit learning is learning based on a series of specific instructions (such as how 

to place the foot) and implicit learning is learning based on the end goal without 

specific instructions on how to reach that goal133. Thus implicit learning and direct 
feedback tend to go hand-in-hand whilst explicit learning and indirect feedback 
go hand-in-hand. Finally, we can consider the focus of attention. In implicit learning 

there is an external focus of attention; i.e. focus on walking more softly, while in 

explicit learning there is an internal focus of attention i.e. focus on placing your foot 

on the ground in a slightly dorsiflexed position and bending your knee. 

 As well as a variety of feedback parameters (foot progression angle etc.), there 

is also little agreement in the literature regarding the feedback delivery method. 

While most studies to date have opted to use visual feedback73, 115, 118, 121, 127, 130, others 

have used haptic feedback116, 117, 129-131 with a very few opting for audio feedback128, 129, 

despite the fact that for use in the community audio or haptic feedback may be more 

appropriate compared to visual feedback. Initial training of the gait modification 

vs. long term maintenance of the modification may benefit from different types of 

feedback modalities. For example, use of visual feedback on the foot progression 

angle during the initial training phases may be more intuitive than use of haptic 

feedback. This may be partially due to a need for feedback of performance vs. feedback 

of results in the early stages. Since this field of research is still in its infancy there 

has been little research into which type(s) of feedback are most effective for training 

the modifications, although van den Noort and co-authors73 showed that in young, 



2726

General introduction

1
chapter eight we discuss further the main findings of all of the studies included in 

this thesis in the wider context and reflect on the overall feasibility and effects of gait 

retraining in people with KOA. Moreover we present recommendations for moving 

towards clinical practice and implications of this work on future research. 

Part two 
Based on the current literature, we know that there is good evidence for the effects of 

gait modifications on the KAM in the immediate (within-session) and short-term (over 

a period of several weeks). However, the long term effects (greater than one month 

post-training) of such gait modifications have not been presented previously in the 

literature. We would expect that gait retraining would have a long-term effect on 

the KAM. Therefore, in chapter four we present the results of our longitudinal study 

where we performed follow-up measurements three and six months post-training. 

In this chapter we focus specifically on changes in the kinematics and kinetics over 

time. Moreover, we evaluate the feasibility of the gait retraining program based on 

the adherence to the program and the number of adverse events reported during 

the program. In addition, we assessed the effects of the program on patient reported 

outcome measures including pain, functional ability and knee confidence. In chapter 
five we explore the learning process during the six week gait training program by 

evaluating changes in the foot progression angle (relative to the target angle) during 

different walking conditions, including a dual task condition intended to create 

greater cognitive loading.

Part three
The KAM is often used as a surrogate measure for the knee contact force in the medial 

compartment of the knee joint. The relationship between the KAM and the knee 

contact force is not completely clear, largely due to a lack of data and contradictory 

data. While it is fairly well established that the KAM can be influenced through use 

of gait modifications, the effect of these gait modifications on the knee contact force 

itself is much less well known. We would expect that the gait modifications would 

also be effective in reducing the knee contact force. Therefore, in chapter six we 

investigate firstly the relationship between the KAM and the KCF in a group of KOA 

patients during normal walking and secondly the effect of gait modifications on 

these relationships. 

 Finally, in chapter seven we perform a review of the literature involving changes 

in foot progression angle as a method for reducing the KAM to determine whether 

relationships exist between the baseline gait parameters and the effectiveness 

of the modifications in reducing the KAM. Based on previous literature we would 

expect that toe-out gait would reduce the second peak of the KAM while toe-in gait 

would reduce the first peak KAM across all studies. However, from the literature the 

relationship between gait baseline parameters and the effect of the foot progression 

modifications is not known. We would expect that in persons with higher baseline 

KAM, the reduction in KAM would be greater for a given modification. Therefore in 

chapter seven we perform meta-regression analyses to investigate these effects. In 
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