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Figure 1. Schematic overviews of the di�erence between a healthy knee joint and a knee joint with 
advanced osteoarthritis. Source: https://springloadedtechnology.com 

Symptoms of KOA
The symptoms of KOA that patients experience are knee pain, sti�ness, decrease in 
functional ability and joint instability5,16. Knee pain is the most commonly reported 
symptom of the disease and often the reason to visit a clinician5,16. Pain in patients 
with knee osteoarthritis is commonly assessed using the numeric pain rating 
scale (NPRS)17 or the pain subscale of the (Dutch) Western Ontario and McMaster 
Universities Arthritis Index (WOMAC) questionnaire18,19. The NPRS measures pain 
(often over a certain time period or during an activity) using a 0-10 scale, where 
0 indicates no pain and 10 the most extreme pain. The WOMAC-pain scale uses 
multiple questions related to the pain during activities in the past 48 hours. Patients 
score their pain during activities like stair ascent or walking on a �at surface using a 
0-4 scale with 0 indicating no pain and 4 extreme pain. Knee joint sti�ness is another 
symptom experienced by patients with KOA, mainly reported after a rest period such 
as in the morning after waking up or after sitting for a long time 18,19. Knee joint sti�ness 
can be measured using the sti�ness subscale of the WOMAC questionnaire18,19 or 
by calculating the objective dynamic sti�ness during gait20�22. Both pain and knee 
joint sti�ness are related to the decrease in functional ability that patients with KOA 
experience during daily life activities20,23. Functional ability is commonly assessed 
with the WOMAC questionnaire or by using functional performance tests like the 
10-meter walk test24 or get up and go test25. Another symptom of KOA related to the 
decrease in functional ability is knee joint instability26,27. The majority of patients 
with KOA reports to have knee joint instability during dynamic daily activities26�29. 
Knee joint instability is not always mentioned in scienti�c studies as a symptom of 
KOA. In the last decade there has been a growing interest in knee joint instability as a 
potential risk factor for KOA30,31 and in the relationship between knee joint instability 

Knee osteoarthritis
Knee osteoarthritis (KOA) is a joint disease, characterized by deterioration of articular 
cartilage, formation of subchondral bone, osteophyte formation, sclerosis, cysts, joint 
in�ammation and loss of joint function1 (Figure 1). The prevalence of knee osteoarthritis 
is high, with studies estimating that 3.2-3.8% of the world population is a�ected by 
this disease2,3. In the Netherlands about 700,000 people (4% of the population) were 
diagnosed with knee osteoarthritis in 2018, of which 64% female4. The most commonly 
reported risk factors for developing knee osteoarthritis are obesity, age, female 
gender and previous knee trauma5. Due to the aging world population6 and the global 
obesity problem7,8, the prevalence of knee osteoarthritis is thought to increase in the 
forthcoming years2. Besides this, osteoarthritis (hip and knee) is also in the top 10 of the 
diseases with the most years lost due to disability (YLDs)3,4. Furthermore, the burden 
of osteoarthritis on the Dutch healthcare system is large, with a cost of 1.2 billion euros 
and about 200,000 admission days in the hospital a year4. These numbers will actually 
be higher, because patients with knee osteoarthritis often also develop osteoarthritis 
in other joints9,10, have comorbidities11,12 or both. The increasing numbers of knee 
osteoarthritis require action by medical science to conduct clinical research on better 
diagnostic tools and treatment options, and to conduct fundamental research into the 
underlying mechanisms of the disease. Especially, precision diagnostics could assist 
in selecting the right treatment for the right patient, given the heterogeneity of the 
disease. This all to prevent or delay the development of knee osteoarthritis in the future.

Diagnosis of knee osteoarthritis
Diagnosis of KOA is performed clinically, radio graphically or both. The clinical 
diagnosis of KOA is often performed according to the criteria of the American 
College of Rheumatology (ACR) 13, which is mainly based on the presence of knee 
pain. However, other criteria must also be met: age over 50 years, crepitus on active 
motion, bony tenderness, bony enlargement, less than 30 minutes of knee sti�ness 
in the morning and no palpable warmth of the knee joint. This clinical diagnosis is 
commonly supported with �ndings on radiographs of the knee to assess the severity 
of KOA. These radiographs are often made using the Buckland & Wright protocol14 
and scored with the use of the Kellgren and Lawrence (K&L) scale15. The K&L scale 
assesses the joint space narrowing, presence of osteophytes (bone spurs) and 
subchondral bone formation in the knee, sclerosis and cysts (Figure 1). A score is 
given between 0-4 (with increments of 1) where a score of 0 represents no KOA and 
a score of 4 represents very severe KOA. There are developments in the diagnostic 
methods of KOA such as the use of MRI to investigate the tissues a�ected by KOA, as 
well as methods of assessing individual symptoms of KOA.
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and the other symptoms of KOA26,27,29. Unfortunately, there are no clinically accepted 
questionnaires or objective measures to assess knee joint instability. Therefore, 
research on knee joint instability is needed.

Knee joint instability
Knee joint instability is experienced by many patients with KOA as the sensation of 
buckling, shifting or giving away of the knee joint26,30,32,33 and could be a risk factor 
of initiation and progression of KOA30,31,34. About 65% of the patients reports to have 
knee joint instability during daily activities such as walking, stair ascending and 
rising from a chair26�29. In addition, patients reporting instable knees often also have 
more pain, poorer quality of life and more di�culties with functional activities than 
patients reporting stable knees26,27,33,35. Factors associated with knee joint instability 
are muscle weakness29, poor knee proprioception36 and a history of knee injury31,37. 
Especially, a history of knee injury seems to play a role in the development of knee 
joint instability31,34,38 and KOA39�41. A conceptual model by Blalock et al.31 (Figure 2, left 
side) describes the process from knee injury via knee joint instability to KOA. In this 
model a ligament injury causes instability of the knee joint, abnormal loading of the 
knee joint or both, which then starts a vicious circle of cell breakdown that eventually 
will cause KOA over time. The biochemical process of cell breakdown is described 
in detail by Blalock et al. (yellow part of Figure 2), but how to assess knee joint 
instability and how alterations in biomechanics and muscle activations are related 
to the instability and abnormal loading of the joint remains to be investigated (green 
part of Figure 2). Therefore, the focus of this thesis in this conceptual model will 
be on how perceived knee joint instability translates to alterations in biomechanics 
and muscle activation patterns of the knee joint (blue part of Figure 2) and on the 
objective assessment of knee joint instability in patients with KOA.
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on the progression of knee osteoarthritis and knee biomechanics during gait, no 
objective gait parameters are currently identi�ed that can measure knee joint (in)
stability during gait. 

Figure 3. Subject walking on instrumented treadmill in a virtual reality environment while kinematics, 
kinetics and electromyography are recorded.

Objective measurement of knee joint instability during perturbed gait
Perturbations during gait could be needed to mimic the situations during daily life 
where knee joint instability is experienced by patients and to identify alterations 

Assessment of knee joint instability in clinical practice
Knee joint instability is currently assessed in clinical practice via di�erent methods, 
mainly focused on the perception of the patients or on the movement of the joint in 
a passive state. The perception of the patient is often assessed by asking a single 
question from the knee outcome survey (KOS) questionnaire on giving way of the 
joint during daily activities42 or by asking whether patients have had a sensation of 
knee joint instability over a certain time period26,27,33. Since the perception of the 
patient is subjective (e.g. mood and time dependent), a more objective assessment 
is necessary to determine the instability in the knee joint of patients. A method to try 
to objectively measure knee joint instability in patients with KOA is a laxity test (e.g. 
pivot-shift, anterior drawer test). During these tests, movements in the knee joint are 
assessed while the patient remains passive. Since knee joint stability is maintained 
during dynamic daily activities by a passive component (e.g. the ligaments, the knee 
joint capsule and menisci) and an active component (e.g. muscle activations)43,44, 
laxity cannot fully account for knee joint instability during the activities of daily 
life where instability is experienced. This is further supported by studies showing 
no relationship between laxity and self-reported knee joint instability29,45.  
This urges for a measure that objectively assesses knee joint instability during  
active daily activities, which is also partly related to the knee joint instability 
reported by patients. 

Knee joint instability and gait
Gait is the activity during daily life where patients most frequently experience 
knee joint instability26 and an activity that can be measured well using clinical gait 
analysis46. A study by van der Esch et al. 2012 showed that 60% of the patients that 
reported knee joint stability experienced this during gait26. This was almost twice 
as high as in other daily activities like chair rising up (32%) or stair ascent (28%). 
Gait would therefore be the ideal activity to investigate the e�ects of perceived knee 
joint instability on knee biomechanics and muscle activation patterns. Besides this, 
clinical gait analysis is a comprehensive method to objectively investigate alterations 
in spatiotemporal parameters (e.g. walking speed, stride length, stride width), 
biomechanics (kinematics and kinetics) and muscle activation patterns in patients 
with knee osteoarthritis46,47 (Figure 3). Several objective parameters measured 
with gait analysis were shown to be associated with cartilage degeneration over 
time46,47. For example, parameters derived from the knee adduction moment (KAM) 
like the peak during mid-stance or KAM impulse (integral over the stance phase) 
were associated with cartilage thinning over a 12-month period48 and with the 
presence of subchondral bone area and cartilage defects in patients with medial 
KOA49. Moreover, an increase in knee �exion angle during heel strike was associated 
with cartilage thinning over 5 years50. Although increasing evidence is gathered  
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Content of thesis
In the second chapter, a literature study is performed to establish an inventory of 
objective parameters of knee joint stability during gait. The third chapter explores 
the e�ect of di�erent perturbations during gait on the neuromuscular control of 
the knee in healthy subjects. In the fourth chapter, the knee biomechanics and 
muscle activation during unperturbed gait of patients with KOA and self-reported 
instable knees (KOA-I) were compared with patients reporting stable knees 
(KOA-S) and healthy control subjects. The �fth chapter investigates the responses 
in neuromechanics (kinematics and muscle activation patterns) to perturbations 
during gait in patients with KOA-I versus patients with KOA-S and healthy control 
subjects. The sixth chapter presents the results of an inter-laboratory comparison 
of previously collected knee angles, knee moments and muscle activation patterns 
during gait of patients with KOA. In the seventh and last chapter, the general 
discussion, the results of the thesis will be discussed and put into perspective.

in gait parameters that are distinctive for patients with knee joint instability. From 
a mechanical perspective, an external perturbation is needed to test the stability 
of a system. In the same way this could apply for humans during gait. Fortunately, 
technological innovations now make it able to perform controlled perturbations 
during gait using an instrumented treadmill51,52 (Figure 3). Di�erent types and 
intensities of perturbations can be applied with this treadmill, such as slip or sway 
perturbations, to mimic di�erent situations in daily life that challenge knee joint 
stability. When it comes to express stability during gait in parameters, it is noted that 
in the robotics �eld a stability measure was de�ned for walking of bi-pedal robots, 
called the gait sensitivity norm53. When adapted to human gait, this measure is able 
to capture the neuromechanical response of a person to a perturbation during gait, 
taking into account the natural variation that a person has during unperturbed gait51. 
Both these developments (instrumented treadmills and the gait sensitivity norm) 
make it the right time to investigate the knee biomechanics and muscle activation 
patterns of patients with KOA and self-reported instability during perturbed gait, 
to allow the development of an objective measure of knee joint (in)stability during 
gait. Such a measure will assist in the diagnosis of knee joint instability in patients 
with (early) KOA, in the evaluation of therapies aimed at stability of the knee joint 
and provide insight into the role of knee joint instability in knee osteoarthritis.

Aim
The overarching aim of this thesis is to develop an objective measure of knee joint 
instability during gait in patients with knee osteoarthritis.

Research questions related to this aim:
1.  What objective gait parameters are used in studies to measure knee joint 

instability?
2.  What is the e�ect of di�erent types of perturbations and di�erent intensities of 

perturbations on knee joint muscle activation patterns in healthy subjects?
3.  What are the di�erences in knee biomechanics and muscle activation patterns 

during unperturbed gait in patients with instability versus patients with stable 
knees and healthy controls?

4.  What are the di�erences in knee biomechanics and muscle activation patterns 
during perturbed gait in patients with instability versus patients with stable 
knees and healthy controls?

5.  What is the comparability of gait data from patients with KOA measured at 
di�erent gait laboratories?
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Abstract

Background: Instability of the knee joint during gait is frequently reported by 
patients with knee osteoarthritis or an anterior cruciate ligament rupture. The 
assessment of instability in clinical practice and clinical research studies mainly 
relies on self-reporting. Alternatively, parameters measured with gait analysis have 
been explored as suitable objective indicators of dynamic knee (in)stability. 

Aim: This literature review aimed to establish an inventory of objective parameters 
of knee stability during gait.

Methods: Five electronic databases (Pubmed, Embase, Cochrane, Cinahl and 
SPORTDiscuss) were systematically searched, with keywords concerning knee, 
stability and gait. Eligible studies used an objective parameter(s) to assess knee 
(in)stability during gait, being stated in the introduction or methods section. Out of 
10717 studies, 89 studies were considered eligible.

Results: Fourteen di�erent patient populations were investigated with kinematic, 
kinetic and/or electromyography measurements during (challenged) gait. Thirty-
three possible objective parameters were identi�ed for knee stability, of which 
the majority was based on kinematic (14 parameters) or electromyography (12 
parameters) measurements. Thirty-nine studies used challenged gait (i.e., external 
perturbations, downhill walking) to provoke knee joint instability. Limited or 
con�icting results were reported on the validity of the 33 parameters.

Conclusion: In conclusion, a large number of di�erent candidates for an objective 
knee stability gait parameter were found in literature, all without compelling 
evidence. A clear conceptual de�nition for dynamic knee joint stability is lacking, 
for which we suggest: �The capacity to respond to a challenge during gait within 
the natural boundaries of the knee�. Furthermore, biomechanical gait laboratory 
protocols should be harmonized, to enable future developments on clinically 
relevant measure(s) of knee stability during gait.

Introduction 

Instability of the knee joint is a frequent occurring problem during dynamic daily 
activities in patients with knee osteoarthritis (KOA) or anterior cruciate ligament 
injury (ACL)1,2. Patients perceive knee joint instability as a sensation of buckling, 
shifting or giving way of the joint3�5. In the KOA population 63-76% of the patients 
report these sensations2,6,7. In addition, higher pain levels and lower physical 
function are reported in patients with self-reported �unstable� knees compared to 
patients with self-reported �stable� knees8�10. Severe pain and knee joint instability 
could cause patients to change their movement patterns, for example by sti�ening 
their knee through greater co-contraction of the muscles8,11. These alterations 
might lead to a-typical loading of the joint, which could have a negative in�uence 
on the progression of diseases like KOA11,12. Likewise, instability related injuries 
such as ACL ruptures will change joint kinematics, and consequently cartilage 
load, increasing the risk of developing KOA at a later stage13,14. Knee joint instability 
should therefore be considered in the management of (early) KOA.

Generally accepted objective metrics to assess knee joint instability are still 
lacking15,16. This absence of a valid objective measure of (in)stability makes it 
di�cult to evaluate the outcome of conservative interventions and to design 
prevention strategies for those at risk of knee joint instability. Currently, knee joint 
instability has been described via self-reported outcomes17, static and passive 
measurements of knee laxity18 or postural balance tests19. Unfortunately, none of 
these methods objectively quanti�es knee stability during daily activities (i.e. gait, 
stair climbing, turning) in which knee joint stability is often reported2,10. Gait analysis 
enables biomechanical quanti�cation of knee function, opening the possibility 
to measure dynamic knee joint stability. Some of the objective metrics measured 
with gait analysis are now suggested to express dynamic knee joint stability11,20�23. 
For instance, greater knee �exion angle excursions during gait were measured in 
patients with KOA and complaints of joint instability compared to those without 
complaints16. Along with the kinematic and kinetic parameters, neuromechanical 
parameters during gait are also considered. For example higher co-contraction 
values were observed in the injured leg of ACL-patients compared their uninjured 
leg24. Gait analysis might therefore be a suitable measurement tool to identify 
objective parameter(s) that could assist in the diagnostics of knee instability in 
patients. 

Gait analysis is frequently performed at comfortable gait (i.e. comfortable gait speed, 
solid ground, without external in�uences), but since this might be accompanied by 
compensating knee instability it would need a challenge to reveal �true� knee joint 
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instability. Therefore studies have been looking at challenged gait as a candidate to 
investigate dynamic knee joint stability21,25,26. As dynamic knee stability sometimes 
is de�ned as the ability to recover from external perturbations23,25,27, well-controlled 
challenges might be used to represent the moments where knee joint stability 
is put to test during daily life. Challenged gait might be for instance a downhill 
walkway28, changing gait speeds29 or adding mechanical external perturbations by 
the use of a movable platform30. Besides challenging the task, also advanced data 
processing methods are used to express stability of the knee27,31,32. An example of 
this is calculating apparent knee joint sti�ness, that combines the knee extensor 
moment with the knee �exion-extension angle, assuming patients increase knee 
joint sti�ness to overcome knee joint instability33. Another example is the Lyapunov 
exponent which uses the full time series of the measured knee angle(s) during gait 
to express instability of the knee joint32. An overview of all the various objective 
gait parameters of knee (in)stability that are currently used to measure knee joint 
stability will inform the direction for development of a reliable and clinically relevant 
(valid) objective measure for dynamic knee (in)stability. Such a measure will 
enhance the evaluation of therapies that target knee joint instability (e.g. exercising 
muscle strength34 or the application of knee braces35) in patient populations with 
KOA or ACL injury. Therefore, the aim of this literature review was to establish an 
inventory of the objective parameters used for knee stability during gait.

Methods

Search strategy 
Five electronic databases were searched on August 9th, 2016 for eligible studies: 
Pubmed, Embase, Cochrane Library, CINAHL and SPORTDiscuss. An update of the 
search was performed on January 10th, 2018 for the inclusion of additional eligible 
studies. The search strategy included keywords concerning (I) knee, (II) instability, 
(III) gait. The �rst two keywords (I and II) were searched on title and abstract. 
The last keyword (III) was searched on full text. A language �lter on English was 
added. Reference tracking of the reference lists of the included eligible studies 
was performed to avoid missing eligible studies. The search strategy used for the 
electronic databases is presented below:

1. Knee joint OR Knee OR Genu OR Tibio�bular OR Tibio�bular Joint
2.  Instability OR Stability OR Joint instability OR Balance OR Support OR Steadiness 

OR Unsteadiness OR Firmness OR Sturdiness OR Unstableness OR Insecurity OR 
Con�dence OR Buckling OR Giving way OR Shifting OR Sti�ness 

3.  Locomotion OR Walk OR Walking OR Gait OR Step OR March OR Pace OR Stride 
OR Ambulate OR Ambulation

4. #1 AND #2 AND #3
5. #4 AND English[lang]

Study eligibility criteria
A study was considered eligible when an objective parameter(s) to measure knee 
joint instability during gait was used, which was stated in the introduction or methods 
section of the article. Case, animal and model-based studies were excluded, as well 
as review articles, non-English written articles and conference abstracts. 

Study selection
The search resulted in 10717 studies, which were imported into a citation manager. 
Duplicates were removed. Title and abstract were screened by one author (JS) and 
resulted in 545 studies. Two authors (JS and JN) independently performed the full 
text screening, and discussions were resolved with the help of a third author (ME). 
Reference tracking added 5 eligible studies. A total of 89 eligible studies were �nally 
included in this review (5 studies were from the update). In �gure 1 the selection 
procedure is presented.

Data extraction
The following data were extracted by one author (JS) from the studies: author, 
year of publication, sample size, number of healthy subjects, patient population, 
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Knee �exion angle
Patients with knee joint instability are thought to have altered knee movement 
patterns during gait compared to healthy subjects and patients with �stable� knees. 
The knee �exion angle was therefore explored as objective parameter for knee joint 
stability in 25% of all studies (22 studies), during comfortable gait (Table 2, 12 
studies) and challenged gait (Table 3, 10 studies). Four types of patient populations 
(patients with an ACL injury, KOA, cerebellar ataxia and chronic instability patients) 
were measured with marker-based recordings of the kinematics. The knee �exion 
angle was often de�ned in the studies as the peak �exion angle (PK), �exion 
excursion (FE), �exion angle at heel strike (FAH) or �exion angle at mid-stance 
(FMS). During comfortable gait seven studies observed an altered PK, FE, FAH or FMS 
in the study group8,20,24,61,76,88, three studies reported di�erences between patients 
with ACL-S (patients with an ACL injury and self-reported  �stable� knees) and 
control subjects36,48,76 and two studies reported no di�erences between groups63,82. 
During challenged gait �ve studies reported di�erences in �exion angles (PK, FE, 
FAH, FMS or �exion angle during terminal stance phase) between the study group 
and control group21,26,72,87,104, two studies did not observe a di�erence16,99 and one 
study showed a lower PK and higher PK standard deviation (during perturbation) 
in patients with ACL-S compared to control subjects50. Two studies investigated the 
e�ect of instability shoes and observed changes in knee �exion angle (FE, PK)37,64. 
Change in gait speed did not a�ect the result in two out of three studies99,104 and 
Kumar et al.72 showed that patients with KOA had similar responses in knee �exion 
angle to external perturbations compared to controls 72.

Maximal �nite-time Lyapunov
The maximal �nite-time Lyapunov represents the variability in joint angles (caused 
by small natural occurring perturbations) during normal walking, in which a higher 
Lyapunov exponent indicates a higher variability in the movement of the knee i.e. 
a more unstable knee84. The maximal �nite-time Lyapunov exponent was used in 
18% of all studies as objective parameter for knee joint stability (16 studies), during 
comfortable gait (Table 2, 5 studies) and challenged gait (Table 3, 11 studies). 
Studies investigated patients with an ACL injury, KOA, an amputation, cerebral palsy 
(CP), Parkinson�s disease, peripheral neuropathy, peripheral arterial and healthy 
subjects (seven di�erent patient populations). The complete time series of the 3D 
knee angles or solely of the knee �exion angle were used as input for the calculation. 
During comfortable gait three studies observed higher Lyapunov exponents in the 
study group compared to the control group(s)46,74,84. Wearing a safety harness55 or 
arm swing102 did not have an in�uence on the Lyapunov exponents of the knee in 
healthy subjects. During challenged gait higher Lyapunov exponents were reported 

in the injured leg of patients with an ACL injury (compared with the uninjured leg)32, 
the uninjured leg of patients with KOA (compared to control subjects)29 and in the 
dominant leg of children with cerebral palsy (compared to the non-dominant leg)45. 
Two studies did not observe a di�erence in Lyapunov exponents81,92 and two studies 
presented lower Lyapunov exponents in the study group compared to control15,29. 
Challenging gait by load-carrying40,45,90 or change in stride frequency89 led to higher 
Lyapunov exponents in the knee of healthy subjects and children with cerebral palsy. 
Change of gait speed resulted in di�erent Lyapunov exponents between groups 
in two out of the six studies29,81. Turning gait led to higher Lyapunov exponents in 
healthy subjects91, but not in amputees92. At last, Fallah-Yakhdani et al.58 showed 
that Lyapunov exponents were a predictor for co-contraction time of the muscles 
surrounding the knee.

Tibiofemoral anterior � posterior translation
Tibiofemoral anterior � posterior (a-p) translation is often greater in patients 
with an ACL injury compared to control when measured with passive laxity tests42, 
but it remains unknown how these patients stabilize the translation during active 
movements. Therefore, it was investigated in 7% of all studies as an objective 
parameter for knee joint stability, during comfortable gait (Table 2, 5 studies) and 
challenged gait (Table 3, 1 study). The kinematics of patients with an ACL injury and 
healthy subjects were obtained using marker-based recordings or potentiometers. 
The tibiofemoral a-p translation was de�ned in the studies as the mean (MT), 
range of translation (RT) or maximum (MAT). During comfortable gait three studies 
observed lower tibiofemoral a-p translation (MT, RT, MAT) in the injured leg of 
patients with an ACL injury compared to the uninjured leg (or post-surgery)42,75,83. 
No di�erences were reported in tibiofemoral a-p translation (MT & MAT) between 
the legs of healthy subjects85 and Tagesson et al.98 reported that women had higher 
MAT values than men. During challenged gait, lower MT was observed in the ACL 
injured leg compared to the uninjured leg at two gait speeds (no di�erence between 
gait speeds)104.

Varus � valgus movement
Varus- valgus movement is minimal in healthy subjects, therefore it is assumed that 
greater varus-valgus movement in patients might be an indicator of instability23. For 
that reason, 6% of all studies used varus-valgus movement as objective parameter 
for knee joint stability, during comfortable gait (Table 2, 4 studies) and challenged 
gait (Table 3, 1 study). Patients with KOA were investigated with the use of marker-
based recordings or Dynamic Stereo X-ray recordings (and additional CT-images) 
of the kinematics. Dynamic Stereo X-ray is a measurement in which subjects walk on 
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a treadmill surrounded with a biplane X-ray system to capture the movement of the 
knee28. The studies de�ned the varus-valgus movement as varus-valgus excursion 
(VVE), varus excursion (VE), maximum varus angle during loading response (MV) or 
maximum varus-valgus angular velocity (MVVV). During comfortable gait a higher MV 
and MVVV was observed in patients with KOA and (observed) varus thrust compared 
to patients with KOA and without varus thrust22, but no di�erence was observed in 
VVE and MVV between patients with KOA-I and KOA-S9. Additionally, higher varus 
� valgus movement during comfortable gait was shown to be associated with knee 
con�dence7 and independent of joint laxity, muscle strength, skeletal alignment and 
knee joint proprioception23. During challenged gait (downhill walking), higher VE 
was observed in patients with KOA compared to control subjects28.

Knee �exion-extension moment
Knee �exion-extension moment is thought to be altered in patients with instability 
(by for example co-contraction of the muscles or a shift of the load distribution to 
other joints) and was used in 15% of all studies as objective parameter for knee joint 
stability, during comfortable gait (Table 2, 10 studies) and challenged gait (Table 
3, 3 studies). The studies included patients with KOA, an ACL injury and posterior 
instability or healthy subjects. The knee �exion-extension moment was measured 
using force plates and motion capture. It was de�ned as the peak extensor moment 
(PK), peak �exion moment (PF) or the moment at initial knee extension (EI). During 
comfortable gait six studies observed an altered knee �exion-extension moment 
(PE, PF, EI) in the study group versus controls8,24,61,76,77,88, however, four studies did 
not report this di�erence20,36,48,63. During challenged gait a lower PF was reported 
in the injured legs of patients with ACL-I (patients with an ACL injury and self-
reported �unstable� knees) and patients with ACL-S compared to their uninjured 
leg87. Instability shoes did not in�uence the knee �exion-extension moment (PE and 
PF)37,64.

Ground reaction forces
Ground reaction forces are thought to be lower in patients with knee instability as 
a strategy to (together with sti�ening of the knee) try to stabilize the knee during 
walking87. Ground reaction forces were used in 6% of the studies as objective 
parameter for knee joint stability, during comfortable gait (Table 2, 2 studies) and 
challenged gait (Table 3, 3 studies). Patients with an ACL injury and healthy subjects 
were measured using force plates. During comfortable gait and challenged gait the 
ground reaction forces were lower in patients with ACL-I and ACL-S compared to 
control48,87,88. No di�erences in ground reaction forces were observed due to change 

in gait speed in patients with ACL-I99. An instability shoe was found to increase the 
ground reaction forces in healthy subjects64.

Amplitude of muscle activation
Patients with knee joint instability are suggested to have a neuromuscular adaption 
to compensate for the instability of the joint. The amplitude of muscle activation 
was therefore used in 18% of all studies as objective parameter for knee joint 
stability, during comfortable gait (Table 2, 11 studies) and challenged gait (Table 3, 
5 studies). The patient populations measured (with the use of electromyography) in 
the studies were patients with KOA, an ACL injury, cerebellar ataxia or Arthroscopic 
Partial Meniscectomy (APM) or healthy subjects. The studies used di�erent 
normalization procedures for the amplitude of muscle activation (for example: to 
maximal voluntary contraction or peak at level walking) or expressed the amplitude 
of muscle activation as the Root Mean Square (RMS), the Average Recti�ed Value 
(ARV) or integral of the loading response phase (IL). During comfortable gait, 
�ve studies presented alterations in muscle activation (Il, ARV, RMS) between 
the study group and control group24,82,88,94,97, but three studies did not36,65,76. After 
perturbation training, higher vastus lateralis IL activation was observed in patients 
with an ACL injury49. Fantini Pagani et al.59 showed that braces were able to lower 
muscle activations (RMS) in patients with KOA59. Yamashita et al.103 suggested that 
high muscle activity in the vastus medialis could be a sign of instability during gait. 
During challenged gait, three studies observed alterations in amplitude of muscle 
activations due to uphill walking 95 or the use of an instability shoe37,64. Kumar et 
al.72 reported higher lateral hamstring activation in patients with KOA (compared to 
control) during level and perturbed walking. Varying the gait speed resulted in no 
di�erence in amplitude of muscle activation in the legs patients with ACL-I99.
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Co-contraction index
Patients with knee joint instability are presumed to counteract knee instability by 
higher co-contraction of the muscles surrounding the knee. The co-contraction 
index was used in 10% of all studies as objective parameter for knee joint stability, 
during comfortable gait (Table 2, 5 studies) and challenged gait (Table 3, 4 studies). 
The investigated patient populations were patients with KOA, an ACL injury or an 
amputation or healthy subjects. As input for the calculation of the co-contraction 
index the muscle activations of several muscles surrounding the knee were used. 
During comfortable gait, two studies observed higher co-contraction indices in the 
study group compared to the control group24,77, one study did not show a di�erence52 
and one study reported lower co-contraction indices47. Knee braces were e�ective 
in lowering the co-contraction indices in patients with KOA6. Three studies showed 
that, during challenged gait (perturbations by a moveable platform) higher co-
contraction indices in the study group during or after the perturbation compared to 
controls11,50,80. Perturbation training was e�ective in lowering these co-contraction 
indices both during, and after perturbation in patients with ACL-S50. Apps et al.37 
reported higher co-contraction indices in healthy subjects when wearing instability 
shoes.

Co-contraction ratio
This measure was quite similar to the co-contraction index, but the result of the 
calculation was expressed in percentages. The co-contraction ratio was used in 6% 
of all studies as objective parameter for knee joint stability, during comfortable gait 
(Table 2, 4 studies) and challenged gait (Table 3, 2 studies). The studies investigated 
patients with KOA, an ACLinjury, Arthroscopic partial meniscectomy (APM) patients 
and healthy subjects. During comfortable gait higher co-contraction ratios were 
present in the muscles of the medial side of the knee compared to the lateral 
side of patients with KOA94. Da Fonseca et al.53 showed that healthy women with 
sedentary behavior had a higher co-contraction ratio compared to athletic women. 
No di�erence was observed in the co-contraction ratios of patients with APM 
compared to control subjects97. Knee braces were able to lower the co-contraction 
ratios in patients with KOA59. During challenged gait, lower co-contraction ratios 
were observed pre- and post-perturbation in patients with an ACL injury compared 
to control30. Statsny et al.96 showed lower co-contraction ratios between di�erent 
types of load-carrying walking.

Muscle onset time
Patients with knee joint instability are presumed to have altered neuromuscular 
activity and therefore also have altered muscle onset time. Muscle onset time was 

used in 6% of all studies as objective parameter for knee joint stability, during 
comfortable gait (Table 2, 2 studies) and challenged gait (Table 3, 3 studies). The 
populations investigated with electromyography were patients with an ACL injury 
and healthy male subjects. During comfortable gait, earlier medial gastrocnemius 
onset time was observed in the injured leg of patients with ACL-I compared to 
control88. Chmielewski et al.49 showed no di�erence in muscle onset time after 
perturbation training in patients with an ACL injury. During challenged gait, 
altered muscle onset times were reported in the study group during uphill walking 
(compared to control)70,95 and during load-carrying gait (between di�erent load 
conditions)96.

Knee joint sti�ness 
Patients with knee joint instability are expected to sti�en their knee joint as a 
compensation method for their lack of stability. Knee joint sti�ness was used in 6% 
of all studies as objective parameter for knee joint stability, during comfortable gait 
(Table 2, 3 studies) and challenged gait (Table 3, 2 studies). The studies investigated 
patients with KOA, Cerebral Palsy (CP) or healthy subjects. Knee joint sti�ness was 
calculated by dividing the knee extensor moment by the knee �exion angle. During 
comfortable gait, one study reported higher knee joint sti�ness in patients with KOA 
compared to the control group20, but a di�erent study with patients with KOA did not 
observe this di�erence52. Likewise, a study with children with CP also did not report a 
di�erence in knee joint sti�ness compared to control subjects52,60. During challenged 
gait, a higher sti�ness was observed in patients with severe knee osteoarthritis at 
three gait speeds compared to patients with mild knee osteoarthritis and a control 
group33. An instability shoe lowered the knee joint sti�ness in healthy females37.

Recent developments
Two studies by Farrokhi et al.16,28 measured knee contact point movements during 
challenged (downhill) gait in patients with KOA and healthy control subjects. Knee 
contact point movements (and velocities) were estimated using dynamic stereo 
X-ray recordings (and additional CT-images) of the kinematics. Higher contact 
point movements and velocities were observed in patients with KOA compared to 
control subjects28 and in patients with KOA-I compared to patients with KOA-S and 
control subjects16.

Another recent study, by Morgan et al.31, used a frequency based method from 
control theory to assess the stability of ACL patients called: the Nyquist and Bode 
criteria. In this method, gain and phase margins were calculated from the knee 
angles (measured with marker-based recordings). The knee was classi�ed as 
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unstable if both the gain and phase margin were negative and in which the deviation 
from zero of the phase margins indicated the amount of instability. Patients with 
an ACL injury were shown to be less stable at heel strike during comfortable gait 
(lower phase margins, larger deviation from zero) compared to controls. Moreover, 
the uninjured leg was more stable compared to healthy control legs at 15% and 30% 
of the stance phase. 

Lastly, a study by Van den Noort et al.25 presented a new method to measure 
responses to gait perturbations, called the gait sensitivity norm (GSN). The GSN is 
a method originated from the robotics �eld, where the response to a perturbation 
of one or several parameters measured with gait analysis is captured (for example 
response in knee angles). A higher GSN indicates a larger response to the 
perturbation, e. g. a more unstable knee. Van den Noort et al.25 performed a pilot 
study and showed in nine healthy subjects that the GSN is feasible in measuring 
the responses to perturbations during gait. Higher GSN values were observed at 
increased intensities of the perturbation and lower GSN values after a number of 
steps following perturbation. 
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Discussion

The aim of this literature review was to make an inventory of the objective parameters 
used for knee joint (in)stability during gait. Eighty-nine studies were considered 
eligible, in which 33 di�erent objective parameters were identi�ed for comfortable 
gait, challenged gait or both. A majority of these parameters were based on 
kinematics (14 parameters), or electromyography (12 parameters) measurements. 
Forty-four per cent of the studies used a challenging gait condition to provoke 
knee instability. Limited, or con�icting results inhibited to recommend any of those 
parameter(s) as a clinically relevant (valid) and reliable objective measure for knee 
joint stability during gait. 

The use of so many di�erent parameters, re�ecting 33 di�erent interpretations of 
knee stability during gait, clearly demonstrates that a broad spectrum of measures 
has been explored. However, it also reveals the lack of a clear and well-accepted 
de�nition for knee joint stability during gait. This absence of a de�nition makes 
it di�cult to develop a clinically relevant stability measure. The validity of such a 
measure needs to be proven, but since there is no such thing as a �golden standard� 
to validate a new measure against, studies are compelled to look at other levels 
of validity. In this review, studies looked for example at the ability to discriminate 
�stable� from �unstable� patients (previously divided in groups based on self-
reported knee instability)8,9,11,16,20,36,41,62,87,88,95 or the sensitivity of an intervention 
that is believed to be e�ective in improving knee stability6,43,49�51,57�59,68,83,100. 
Unfortunately, the evidence of validity for the measures inventoried in this review 
was too limited or con�icting to recommend any of those as stability measure(s). 
Therefore, consensus on the de�nition of dynamic knee joint stability is needed, 
enabling to focus future research directions into exploring and validating potential 
stability measures that are in line with this harmonized de�nition. 

Studies that used similar parameter(s) for knee stability during gait were di�cult 
to compare, due to di�erences in study populations (14 in this overview), disease 
or disease progression. Moreover, variable experimental designs, data processing 
and analysis limited fair comparisons. For example, di�erences were observed in 
experimental setups to obtain the kinematics (e.g. marker placement, measurement 
equipment)42,75, the selection of muscles measured with EMG52,77 and the processing 
of EMG signals (e.g. �ltering, normalisation)76,82. Future studies investigating 
dynamic knee joint stability should therefore not only focus on testing the validity of 
their developed metrics but also on the ability to assess the test-retest and the inter-
laboratory reliability of these metrics. Therefore, close collaboration between lab 
and research groups investigating the same patient populations is strongly needed, 
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aiming to evaluate the inter-laboratory reliability of the knee stability measures105 
and to align the measurement protocols and data analysis methods accordingly. 
This will enable fair comparison between studies and establish the clinimetrics. 

We are convinced that a future conceptual de�nition of knee joint stability would 
require a challenge during gait to provoke knee stability. Considering that 
comfortable walking allows compensation mechanisms, that will obscure the 
e�ects of instability. Any stability measure arising from comfortable gait would be 
less sensitive. Currently, challenged gait is increasingly explored (44% of all studies 
in this review), but it is unknown which type of challenge is most successful in 
provoking the largest response of knee instability. Fortunately, recent technological 
developments in gait analysis yielded instrumented treadmills making it feasible 
to apply di�erent types of controlled perturbations25. Besides this, it seems 
likely that a future measurement of knee joint stability needs to be based on a 
combination of measurements. A reason for this is that the parameters investigated 
in this review emerge from various domains, with the majority from kinematic 
and electromyography measurements. Furthermore, these parameters are often 
combined to form new parameters like the co-contraction index (combining multiple 
muscles)6,11,24,37,47,50,52,77,80 or the gait sensitivity norm (combining several parameters 
in response to a perturbation)25. Based on the results of this review, we therefore 
suggest a new, broad de�nition for dynamic knee stability during gait to enhance the 
development of a stability measure: �The capacity to respond to a challenge during 
gait within the natural boundaries of the knee.� 

Further e�orts are needed to re�ne this de�nition and enable development of a 
reliable and clinically relevant measure for knee joint stability during gait. A possible 
�rst step might be to carry out an exploratory study in which the kinematics, kinetics 
and muscle activations are compared between healthy controls and di�erent 
patient groups (e.g., in patients with KOA and self-reported �stable�, or �unstable� 
knee(s)) during comfortable and challenged gait. A range of gait challenges can 
then be applied. Several (combinations) of objective parameters can be explored to 
quantify the response to a challenge in each group, with the healthy control group 
setting the natural boundaries of the knee (i.e., the physiological response from a 
healthy knee). Selection of an appropriate candidate(s) as a measure for knee joint 
stability during gait will be driven by their ability to discriminate groups in this study. 
Further e�orts will then be required to test validity and reliability on the developed 
stability measure(s). These include, correlation with self-reporting; sensitivity to 
interventions with known e�ects (e.g. knee braces35,106 or muscle strengthening34); 
and test-retest reliability. All of these goals will require e�orts from groups from the 

international community. Therefore, studies that compare protocols and consensus 
are required to align protocols and data analyses to compare between studies from 
di�erent laboratories and/or lump their data. Eventually this will provide evidence 
for utilization of a selected stability measure in clinical practice.

This literature review has some limitations. First, the studies are based on gait 
analysis in a laboratory environment. Walking in a lab is di�erent than in real life107. 
However, the standardized setting makes it possible to evaluate gait performance in a 
controlled environment, that will optimize the comparison between studies. Second, 
this literature review only focused on knee stability during walking. Therefore, it 
excluded alternatives for knee (in)stability during other dynamic activities (e.g., to 
negotiate stairs or to raise from a chair). Nevertheless, gait is the most common task 
in which patients reported knee joint instability10 and in most cases these patients 
also reported knee joint instability during other dynamic tasks10. Finally, there were 
some limitations of the methods of this review: the selection of the abstracts and 
the data extraction were performed by one author. The main concern could be that 
eligible studies will be missed, but we tried to minimize this by double checking all 
references of each included study.

Conclusion

It can be concluded that many di�erent concepts of knee joint stability during 
(challenged) gait are reported in literature. These are presented as many di�erent 
objective parameters without emphasis on one speci�c parameter. To enable 
development of a clinically relevant measure for knee joint stability, consensus 
needs to be reached by the international research community on the concept and 
de�nition of knee joint stability during gait. To start o�, we suggest: �The capacity 
to respond to a challenge during gait within the natural boundaries of the knee�. At 
the same time, there is an urgency for research groups to agree on experimental 
protocol harmonization. These e�orts are needed before the next step can be taken, 
i.e. to make fair comparisons of stability parameters (that comply to the agreed 
de�nition) between studies. Reliability and validity of such candidates for stability 
measures can then be evaluated, yielding an decided parameter to assess knee  
joint instability.
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Abstract

Background & Aim: To compare the responses in knee joint muscle activation 
patterns to di�erent perturbations during gait in healthy subjects. 

Methods: Nine healthy participants were subjected to perturbed walking on a split-
belt treadmill. Four perturbation types were applied, each at �ve intensities. The 
activations of seven muscles surrounding the knee were measured using surface 
EMG. The responses in muscle activation were expressed by calculating mean, 
peak, co-contraction (CCI) and perturbation responses (PR) values. PR captures 
the responses relative to unperturbed gait. Statistical parametric mapping analysis 
was used to compare the muscle activation patterns between conditions.

Results: Perturbations evoked only small responses in muscle activation, though 
higher perturbation intensities yielded a higher mean activation in five muscles, 
as well as higher PR. Different types of perturbation led to different responses 
in the rectus femoris, medial gastrocnemius and lateral gastrocnemius. The 
participants had lower CCI just before perturbation compared to the same phase 
of unperturbed gait.

Conclusions: Healthy participants respond to di�erent perturbations during gait 
with small adaptations in their knee joint muscle activation patterns. This study 
provides insights in how the muscles are activated to stabilize the knee when 
challenged. Furthermore, it could guide future studies in determining aberrant 
muscle activation in patients with knee disorders.

Introduction

Muscle activation plays an important role in stabilizing the knee and drives knee 
function during dynamic activities of daily life such as gait1. Alterations in muscle 
activation are frequently observed in patients with knee osteoarthritis (OA)2 or with 
previous knee injuries (anterior cruciate ligament injury3 or meniscal tear 4). These 
alterations in muscle activation, like for example increased co-contraction during 
gait, will cause abnormal loading of the joint which could eventually lead to cartilage 
degeneration5,6. Investigation of muscle activation is therefore needed in order to 
better understand these mechanisms and to develop treatments to improve muscle 
activation. However, a lot is still unknown on how healthy subjects control muscle 
activation of their knee muscles during daily activities such as gait, especially when 
the function of the knee is challenged. Such reference is essential when alterations 
in muscle activation of the pathological knee are studied.

Gait analysis with controlled perturbations can be used to mimic the situations 
during life that require muscle activation to stabilize the knee joint and maintain 
knee function7�9. Previous studies have investigated muscle activation during 
perturbed gait in patients with knee osteoarthritis7,10,11 or ACL injury8,12,13. 
However, most of these studies investigating muscle activation in response to 
perturbations during gait were limited to one type and intensity of perturbation, 
retaining the questions how subjects will respond to di�erent types of perturbations 
(e.g., slip and sway perturbations) and what perturbation intensity to use to evoke 
the largest response. Testing subjects with di�erent types of perturbations at the 
right intensity provides insight in how muscle activation is altered in response to 
di�erent challenges experienced in daily life. A few studies have investigated 
several types of perturbations in healthy participants14 or stroke patients15, 
however without measuring muscle activation around the knee. Previous studies 
from our department explored the e�ect of di�erent perturbations (intensity and 
type) on the knee angles9 and calf muscles of healthy participants16, but the knee 
joint muscle activation patterns of these previously collected datasets were not 
investigated. Therefore, the aim of this study was to compare the responses in knee 
joint muscle activation patterns to di�erent types and intensities of perturbations 
during gait in healthy subjects.


























































































































































