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“A person can never be broken. Our built

environment, our technologies, are broken and

disabled. We the people need not accept our

limitations, but can transcend disability through

technological innovation.”

Hugh Herr

This quote is from the TED talk of Hugh Herr, who is working as an associate professor and

director of the Biomechatronics Group in the Media Lab of the Massachusetts Institute of

Technology. Next to his research that is aimed at improving rehabilitation and the design

of augmentation technology, he has personal experience with prosthetic design as he has a

double-sided amputation himself. Being someone with an amputation, he experienced the

“inadequacy of the available technology”.1 Realizing this inadequacy “. . . was a call to arms,

to advance technology for the elimination of my own disability, and ultimately, the disability

of others.”1

Hugh Herr is not alone in this. Over the last decades considerable efforts have been

made to improve the functionality of prosthetic components. These advancements have

led to the introduction of microprocessor-controlled prosthetic knees (MPK) for individuals

with a transfemoral amputation or knee disarticulation. The main focus of this dissertation

will be on a specific MPK, the Rheo Knee II, and how its use influences the gait adaptations

seen after transfemoral amputation or through-knee amputation. This general introduction

will shortly focus on the consequences of a knee disarticulation or transfemoral amputation.

This is followed by a description of the different available prosthetic knees and their working

mechanisms. In this description, gait adaptations found in individuals with a transfemoral

amputation or knee disarticulation will be included. This will be followed by an overview

of the evidence for an added value of MPKs and the possibilities for progressing prosthetic

knee research. The general introduction will conclude with the objectives and outline of this

dissertation.

KNEE DISARTICULATION AND TRANSFEMORAL AMPUTATION

Both a knee disarticulation and a transfemoral amputation result in the loss of the knee

and ankle and foot at the amputated side (see Figure 1.1). The difference between the two

is that a knee disarticulation is an amputation through the knee and that a transfemoral

amputation is performed somewhere between the knee and hip joint. Next to loss of the

knee and the ankle and foot, muscle geometry also changes as a consequence of an ampu-

tation. Bi-articular muscles spanning the hip and knee become mono-articular hip muscles

and mono-articular knee muscles no longer span a joint, which affects the function they can
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CHAPTER 1: General Introduction

Figure 1.1: Amputation levels

exert.2 To substitute for the amputated body part, a prosthesis can be prescribed during

the rehabilitation. Generally, a prosthesis consists of: (1) a socket and liner which acts as

the interfaces between the prosthesis and the residual leg; (2) a prosthetic knee; (3) a pylon

connecting the prosthetic knee to the prosthetic ankle and foot; and (4) a prosthetic ankle

and foot. As this thesis focuses on the comparison of different prosthetic knee units, the

main focus of this introduction section will be on prosthetic knees. The role of the prosthetic

ankle is also shortly discussed.

PROSTHETIC ANKLE-FOOT UNITS

Prosthetic ankle-foot units are designed to substitute parts of the functions of the ankle and

foot complex, which are: (1) shock absorption, (2) weight-bearing stability, and (3) progres-

sion.3 Prosthetic ankle-foot units can be rigid (e.g. the SACH foot), store and release energy

(e.g. the Flex foot), or can include a motor that is able to generate energy (e.g. the BiOM

ankle). In daily clinical practice, motorized prosthetic ankle-foot units are not prescribed

often. Rigid and energy storing and releasing prosthetic ankle-foot units are limited in ful-

filling the functional roles of the ankle-foot complex. The lack of active ankle control leads

to problems in predominantly weight-bearing stability and progression.
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General Introduction

PROSTHETIC KNEE UNITS

There are a large number of prosthetic knee units commercially available, which have differ-

ent features. To provide standardization in the description of prosthetic knee units, the ISO

norm 13405-2:2015 presents a classification tree based on four features. These are: (1) mo-

tions (flexion/extension and/or axial rotation), (2) axis of rotation (monocentric/polycentric),

(3) activation and control mechanism, and (4) transition between stance and swing phase. 4

In daily clinical practice and in the scientific community the activation and control mech-

anism of prosthetic knees is used to further classify prosthetic knees. Control of prosthetic

knees can be achieved by friction, pneumatic or hydraulic means. In turn, this control can be

adjustable, adaptable or auto-adaptable. In this context, adjustable means that the features

of prosthetic components can be changed before use by the manufacturer, prosthetist, or

user.5 Adaptable indicates prosthetic components whose features can be changed by the

user to make it suitable for different situations.5 Auto-adaptive components are prosthetic

components whose features change automatically in response to varying situations in daily

life.5

Based on the activation and control mechanism prosthetic knees can be divided into:

1. Non-microprocessor-controlled prosthetic knees (NMPKs)

2. Microprocessor-controlled prosthetic knees (MPKs)

3. Powered prosthetic knees

These categories can be distinguished from one another based on two characteristics: (1)

adjustable/adaptable vs auto-adaptive control and (2) the absence or presence of actua-

tion. NMPKs are adjustable/adaptable whereas MPKs and powered prosthetic knees are

auto-adaptive. In turn, NMPKs and MPKs both have no actuation. This means that these

types of prosthetic knees can only dissipate energy. Powered prosthetic knee do have ac-

tuation, which means that these prosthetic knees can generate energy. Powered prosthetic

components are not commonly prescribed in daily practice at the moment, mostly because

of their high price. Powered prosthetic knees fall outside the scope of this thesis and will,

therefore, not be further discussed in this chapter. In the general discussion (chapter 9),

powered prosthetic knees will be discussed in more details.

Non-microprocessor-controlled prosthetic knees

In Figure 1.2 several examples of NMPKs are shown. As stated before, NMPKs can have an

adjustable and/or adaptable control. One example of adaptable control is that there are

prosthetic knees that can be manually locked or unlocked. One example of an adjustable

control is the level of resistance against knee flexion (knee damping) and assist of knee ex-

tension which can be set by the prosthetist or the user before use. The fact that control can
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CHAPTER 1: General Introduction

Figure 1.2: Examples of NMPKs; Left: Otto Bock 3R60; Right: Össur Mauch SNS

only be changed before use, directly shows the limitations of NMPKs with adjustable con-

trol. Faster or slower walking and negotiating stairs or ramps requires different amounts of

knee damping. As NMPKs are not capable of changing their knee damping while performing

these activities of daily living, knee damping is not optimal. This in turn, might require addi-

tional compensations of the individual with an amputation. Because of their fixed settings,

NMPKs are limited in fulfilling the functional tasks of a physiological knee.

The first role of the knee is shock absorption during the first phase of double limb sup-

port.3 By allowing knee flexion during the loading response, the knee absorbs the energy

that is associated with the weight transfer during double limb support. 3,6 In most commer-

cially available NMPKs early stance knee flexion is not possible.7–10 Allowing early stance

prosthetic knee flexion would require high knee damping. This high level of damping would

restrict prosthetic knee flexion later on in the gait cycle when the knee has to be sufficiently

flexed for forward progression of the swing leg. As restricted knee flexion during swing

is undesirable, knee damping is not set at the levels that are required to allow early stance

knee flexion. There are NMPKs available in which stance and swing phase control can be ad-

justed separately from one another. In, for example, the Mauch SNS, knee damping during

the stance phase can be set at a level that would allow early stance prosthetic knee flexion

and a different level of knee damping during the swing phase allowing sufficient knee flex-

ion during swing. However, previous studies showed that individuals with an amputation

exhibit no early stance prosthetic knee flexion while walking with the Mauch SNS.11,12 The

reason of the lack of early stance prosthetic knee flexion while walking with the Mauch SNS

is not known. A possible explanation could be that the knee has to be moved towards ex-

tension during mid stance. In individuals without an amputation, this is achieved by a brief
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concentric contraction of the knee extensors.13 Because the quadriceps muscle is cut during

the amputation, this mechanism is impaired in individuals with a transfemoral amputation

or knee disarticulation. In these individuals, moving the knee towards extension can only

be achieved by hip extension through gluteal muscle action. Because of the short lever arm

of the gluteus maximus to the joint center of rotation, this would require a high joint torque

and, thus, could be energy inefficient. Whether this explanation is viable and applicable to

individuals with an amputation is yet unknown.

The second role of the knee is to provide stability throughout the stance phase.3 To

increase stability, prosthetic knees with polycentric knee axes have been developed. Poly-

centric knee units are free to flex and extend but facilitate knee joint stabilization because

their instantaneous axis of rotation moves posteriorly as the prosthetic knee joint moves to-

wards extension.4 A more posterior position of the instantaneous axis of rotation increases

the likelihood that the ground reaction force vector is aligned anterior to the knee. This

anterior position of the ground reaction force with respect to the knee joint center creates

a knee extension moment on the prosthetic knee leading to a stable situation. Despite the

development of prosthetic knees with increased stance stability, falling is still a prevalent

problem amongst individuals with an amputation. The results of a survey published in 2001

indicated that 66% of the participants with a transfemoral amputation fell at least once in

the last 12 months.14

The third and final role of the knee is to achieve sufficient knee flexion during the swing

phase in order to progress the swing leg forward.3 Knee damping in adjustable NMPKs

can be set to be optimal at preferred walking speed. However, at lower or faster walking

speed this knee damping is non-optimal. At lower walking speeds, knee damping should

be lower and at higher walking speeds, knee damping should be higher. Previous trials

studying NMPKs across different walking speeds indeed found that peak prosthetic knee

flexion during swing increases with walking speed.10,15

Gait adaptations associated with the use of NMPKs

The fact that NMPKs are limited in fulfilling the functional roles of a physiological knee

means that individuals with an amputation have to adapt their gait pattern to be able to

safely walk with a NMPK.

One of the gait adaptations that is seen in individuals with a transfemoral amputation

or knee disarticulation is decreased loading of the prosthetic leg and increased loading of

the intact leg.12,16 It is thought that this is related to the limited prosthetic knee flexion

during stance, which causes a higher vertical position of the center of mass. 17,18 This higher

position means that the center of mass covers a larger vertical trajectory during the loading

response of the intact leg, potentially leading to a higher loading of the intact leg.

The limited amount of damping NMPKs can provide during early stance and associ-

ated chance of knee buckling also leads to gait alterations. Individuals with a transfemoral

amputation or knee disarticulation show increased hip extensor activity of the amputated
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CHAPTER 1: General Introduction

leg during (early) stance.2 Through the closed kinetic chain increased hip extensor activity

assists in keeping the prosthetic knee extended. Second, the double support phase after

initial contact of the prosthetic leg is increased when compared to the other double support

phase.

The fact that NMPKs might lead to non-optimal knee kinematics also might be of influ-

ence on the gait pattern. Too little prosthetic knee flexion during swing increases the risk of

toe dragging. It is thought that this might lead to intact ankle vaulting which can be defined

as “a premature midstance plantar flexion of the sound limb which assist toe clearance of

the prosthetic limb by lifting the body”.19 Vaulting leads to a relative increase in leg length

of the intact leg which decreases the chance of toe dragging of the prosthetic leg. The causal

link between vaulting and reduced prosthetic knee flexion during swing, however, has not

been established yet in individuals with a transfemoral amputation or knee disarticulation.

Finally, there are several gait adaptions seen in individuals with an transfemoral am-

putation or knee disarticulation that cannot be linked to one specific functional role of the

knee, but seem to be the results of a combination of factors. These include a reduced pre-

ferred walking speed,10,12,16 reduced duration of single limb support on the prosthetic leg, 10

and increased duration of the prosthetic swing phase.10

Microprocessor-controlled prosthetic knees

Relating back to the quote of Hugh Herr at the start of this chapter, the fixed pre-set damping

properties of NMPKs are one of the “broken and disabled” characteristics of these prosthetic

knees. From the 1970s onwards, research groups have focused on advancing the design of

NMPKs which have led to the development of MPKs. The first MPK to be commercially

available was the Intelligent Prosthesis (now known as the SmartIP) which was released by

Blatchford in 1993. This was followed by the release of the C-Leg, which was introduced

in 1997 by Otto Bock. At the Massachusetts Institute of Technoloy Hugh Herr worked on

his own version of a MPK, details of which were published in 2003.7 This MPK went on to

become known as the Rheo Knee which was released by Össur in 2004.

MPKs have auto-adaptive control, which means that knee damping changes automati-

cally in response to varying walking situations. To be able to do so, MPKs incorporate sen-

sors measuring variables such as knee angle, knee angular velocity, knee moment and force

applied on the prosthesis. Based on the information of these sensors, a control algorithm

adapts knee damping to the desired level. These prosthetic knees claim to provide early

stance prosthetic knee flexion, increase stance stability during stance, and provide optimal

knee damping during swing irrespective of walking speed.7,20 They, thus, should be able to

fulfill the roles of the knee to a larger extent than NMPKs. Figure 1.3 shows several MPKs

that are commercially available.

The question whether MPKs are beneficial for individuals with an amputation has been

subject of several studies. In these studies the use of a MPK is usually compared to the

use of a NMPK. While there are several MPKs on the market, research has predominantly
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Figure 1.3: Examples of MPKs; Left: Otto Bock C-Leg; Right: Össur Rheo Knee

focused on the SmartIP (formerly known as the Intelligent Prosthesis), the C-Leg, the C-Leg

Compact, the Rheo Knee, and the Genium. While these prosthetic knees all have auto-

adaptive control mechanism, there are some distinct differences between them. In Table

1.1 these differences are described.

Because this thesis focuses on the Rheo Knee II, this prosthetic knee is described into

more detail. The Rheo Knee incorporates a magnetorheological fluid, which is a carrier

oil in which magnetic particles are dispersed. Based on the information of the sensors,

electromagnets control the magnetic field within a magnetorheological fluid.7 The magnet-

ical particles in the magnetorheological fluid form torque-producing chains in response to

the applied magnetic field.7 The Rheo Knee, thus, can control knee damping by controlling

the magnetic field. Next to the sensors, the Rheo Knee also included artificial intelligence

known as the Dynamic Learning Matrix Algorithm.21 This aim of this algorithm is to learn

the individual’s walking style.21 This should enable parameters to constantly change over

time, instead of adapting parameters within pre-set and limited parameters. 21 This feature

is called user-adaptive control.7

EVIDENCE FOR MPKS

In recent years, multiple systematic reviews have been performed that aim to collect and ap-

praise the literature comparing MPKs to NMPKs in individuals with a transfemoral amputa-

9
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Table 1.1: Differences between microprocessor-controlled prosthetic knees

Name Gait phase of auto-adaptive

control

Type of control Sensors

SmartIP Swing phase Pneumatic Proximity switch detecting step

time

C-Leg 4 Stance and swing phase Hydraulic Inertial magnetic units, load

cells, knee angle sensor

C-Leg compact Stance phase Hydraulic Strain gauges, knee angle sensor,

knee angular velocity sensor

Rheo Knee II Stance and swing phase Magnetorheological Load cells, knee angle sensor,

knee angular velocity

Genium Stance and swing phase Hydraulic Gyroscope, inertial magnetic

units, knee angle sensor, knee

moment sensor, load cells

tion and knee disarticulation.22–24 These reviews all have a slightly different aim: Highsmith

et al.23 solely focused on the C-Leg in their review, Kannenberg et al.24 focus on limited

community ambulators only, and Sawers and Hafner22 include all available literature. Be-

cause Sawers and Hafner appear to have written the review with the broadest scope, this

review is taken as starting point for the presentation of the evidence for MPKs. Based on the

results of included studies, Sawers and Hafner drew empirical evidence statements, which

are presented below. The results of trials published after the literature search of Sawers

and Hafner was completed (October 2009) that could be combined with one of the empiri-

cal evidence statement are added to results of this review. Because this dissertation focuses

on the Rheo Knee, only the results relating to stance and swing phase MPKs are presented.

Next to this, only the results of gait mechanics, environmental obstacle negotiation, safety,

preference and satisfaction, and health and quality of life will be presented here as these

outcomes will be the focus of this thesis.

Gait mechanics

There is a low level of evidence that the use of stance and swing MPKs result in an increased

preferred walking speed,11,12,25,26 equivalent spatiotemporal symmetry,11,12,27,28 and increa-

sed prosthetic knee moment11,12,29 when compared with the use of NMPKs. In addition,

there is insufficient evidence that the use of stance and swing MPKs result in equivalent

peak prosthetic knee flexion angle during early stance at preferred walking speed7,12,29 and

equivalent prosthetic power in late stance11,12 when compared to the use of NMPKs.

Three studies have been found published after the search strategy of Sawers and Hafner

was completed.29–31 The results of the trials of Kaufman et al.29 and Mâaref et al.30 cannot

be combined with results of other trials and are therefore omitted. Schaarschmidt et al.31

found no differences in spatiotemporal symmetry between walking with a MPK and a NMPK,

further strengthening this empirical evidence statement.
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Environmental obstacle negotiation

There is a low level of evidence that the use of stance and swing MPKs results in increased

walking speed on uneven terrain26,27,32,33 and in an improved gait pattern during stair de-

scent26,27,32 when compared with the use of NMPKs.

Two new publications comparing the use of a MPK to a NMPK while walking an obstacle

course were found. Hafner et al.34 found no differences in walking speed, whereas Meier et

al.35 found an increase in walking speed while using a MPK to navigate an obstacle course.

These results, thus, are both in conflict and in line with the results of the studies included

by Sawers and Hafner.22

Three studies have been published after October 2009 that compared the use of MPKs

and NMPKs while descending a slope.34,36,37 The results of these studies could be combined

with one previously conducted trial27 which was omitted by Sawers and Hafner22 as it was

the only available study that used the Hill Assessment Index at that time. There is ambiguity

in results when looking at qualitative aspects of slope descent (e.g. use of hand rails, use

of walking aid). Both an increase in Hill Assessment Index (HAI) score when walking with a

MPK36,37 as no differences in HAI score between MPK and NMPK use27 have been reported.

A higher HAI score indicates a higher qualitative performance, such as no use of hand rail

or walking aids. There is also ambiguity when looking at the time needed to descent a

slope. Both a decrease27,36 as an increase in time34 have been reported while using a MPK

compared to the use of a NMPK.

Safety

There is a low level of evidence that the use of stance and swing phase MPKs result in

decreased number of subject-reported stumbles and falls when compared with the use of

NMPKs.26–28,32 Next to this, there is insufficient evidence that the use of stance and swing

phase MPKs results in decrease in subject-reported frustration with falling when compared

with the use of NMPKs.27,32 Finally, there is moderate evidence that the use of stance and

swing MPKs result in increased subject-reported confidence while walking when compared

with the use of NMPKs.27,32,38,39

Two trials34,36 have been published studying aspects of safety after the search strategy

of the review of Sawers and Hafner was completed. The trial of Hafner et al.34 found no

statistical significant difference in subject-reported confidence between the use of a MPK

or a NMPK. This result is in contrast to the results of the included studies by Sawers and

Hafner.22 The publication by Highsmith et al.36 presents some additional calculations based

on previously published results.29 Because these results could not be combined with the

results of other studies, the publication of Highsmith et al. is omitted.

Preference and satisfaction

There is a low level of evidence that the use of swing and stance MPKs results in increased

subject-reported preference25–28 and satisfaction26,27 when compared with using NMPKs.
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No new trials studying preference or satisfaction were identified.

Health and quality of life

There is a moderate level of evidence that the use of swing and stance MPKs results in

equivalent self-reported general health27,40 and well-being27,32,41 when compared with the

use of NMPKs. In addition, there is a moderate level of evidence that the use of swing and

stance MPKs results in increased quality adjusted life years when compared with the use of

NMPKs.42,43

One new publication was identified that studied several aspects of health and quality

of life.34 The authors found no differences in general health between the use of MPK and

NMPK which is in line with the results of the studies included by Sawers and Hafner. 22

Conclusion

In conclusion, while a considerable number of efforts have been made to study the potential

added value of a MPK when compared to the use of a NMPK there is substantial ambiguity

in the published results. Comparison of more objective to more subjective outcome param-

eters seem to indicate that the users’ perception of the added value of a MPK is higher than

the objective outcome parameters seem to be able to explain. In addition, the added value

of MPK seems to be more pronounced in activities outside of level walking at preferred

walking speed such as stair and slope walking.

POSSIBILITIES FOR PROGRESSING PROSTHETIC KNEE RESEARCH

The relatively low incidence of transfemoral amputation and knee disarticulation combined

with the relatively high mortality rate in individuals in which the amputation was caused by

vascular problems, which is the main reason of amputation in the western world, make it

hard to have large study populations. This increases the chances that studies are under-

powered making it harder to find statistical significant differences as these differences need

to be larger to be detected. One solution for this problem could be a meta-analysis of ear-

lier conducted trials in which the results of comparable outcome parameters are pooled. In

case of data pooling, the study population is increased, possibly increasing statistical power

and the chance to detect statistically significant differences.

In addition, while there is a substantial body of knowledge regarding spatiotemporal,

kinematic and kinetic variables of the walking pattern of individuals with an amputation,

muscle activation patterns have been scarcely studied. More in-depth insight into muscle

activity during walking of individuals with a knee disarticulation or transfemoral amputa-

tion could increase our understanding of the possible changes in motor programs used for

locomotion.

Next to this, the majority of studies comparing MPKs to NMPKs have focused of the C-
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Leg, whereas the Rheo Knee has received considerably less attention.7,11,34,44,45 As discussed

before, the Rheo Knee has a different control algorithm and mechanism when compared to

the C-Leg. Therefore, there might be a difference in effect between the Rheo Knee and the

C-Leg. The trial of Johansson et al., indeed, suggest that there are some differences between

the Rheo Knee vs Mauch SNS on one side, and the C-Leg and Mauch SNS on the other side.11

This indicates the necessity to evaluate the effectiveness of the Rheo Knee when compared

to NMPKs.

Finally, the effect of MPKs has predominantly been evaluated during walking at pre-

ferred walking speed and ramp and/or stair negotiation. The effect of a MPK across differ-

ent walking speeds has been scarcely studied. In addition, the effect of a MPK during the

transitional stages of gait has not been studied yet. Finally, there have been no attempts to

quantify the influence of a MPK on the responses on balance perturbations during walking.

GENERAL AIM AND RESEARCH QUESTIONS

Based on the possibilities for progressing microprocessor-controlled prosthetic knee re-

search, the overarching aims of this thesis are to increase our understanding about gait

adaptations seen after amputation and investigate how a user-adaptive prosthetic knee in-

fluences these gait adaptations. Based on the general aim, this thesis aims to answer the

following research questions:

1. What compensations in terms of joint work and power can be seen at the hip and knee

of the amputated leg and the joints of the intact leg of individuals with a transtibial

amputation. In addition, what compensations in terms of joint work and power can

be seen at the hip of the amputated leg and the joints of the intact leg of individuals

with a transfemoral amputation or knee disarticulation?

2. What are differences in muscle activation patterns during walking of individuals with a

transfemoral amputation or knee disarticulation when compared to individuals with-

out an amputation?

3. What is the influence of the Rheo Knee II on gait adaptations seen during level walking

at varying walking speeds, gait initiation, gait termination, and responses to platform

perturbation during walking?

4. What is the influence of the Rheo Knee II on prosthetis-related quality of life, func-

tional status, and balance confidence?

13
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GENERAL OUTLINE

In chapter 2 we present the systematic review and meta-analysis we performed synthe-

sizing the available joint power and joint work data of level walking of individuals with a

transitibial or transfemoral amputation. Because only few studies quantified muscle acti-

vation patterns of prosthetic gait we measured muscle activity of upper leg muscles in six

individuals with a transfemoral amputation or knee disarticulation. We compared these

data with muscle activity measured in five individuals without an amputation. The results

are presented in chapter 3.

In chapter 4-8 we present the results of the randomized cross-over trial we performed

comparing the Rheo Knee II to NMPKs. Ten individuals with a transfemoral amputation and

ten individuals without an amputation were included in this trial. In chapter 4 we present

the results of our level walking experiments in which participants walked at three walk-

ing speeds. In the data analysis we specifically emphasized on prosthetic knee kinematics

during stance and swing and compensatory movements associated with non-optimal pros-

thetic knee kinematics. In chapter 5 and 6 the results of, respectively, our gait initiation

and gait termination experiments are presented. In the data analysis we primarly focused

on the role of the prosthetic leg in generating forces (gait initiation) and absorbing forces

(gait termination). Chapter 7 presents the results of our evoked balance perturbations ex-

periments. We quantified the margins of stability and variables that influence the margins

of stability. We present the influence of the Rheo Knee II on prosthesis-related quality of

life, balance confidence, and functional status in chapter 8. Finally, in chapter 9 we dis-

cuss the results of the presented studies and possibilities of future research in the field of

user-adaptive prosthetic knees and other prosthetic components in general.
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ABSTRACT

Objective To describe adaptation strategies in terms of joint power or work in the ampu-

tated and intact leg of patients with a transtibial (TT) or transfemoral (TF) amputation.

Data sourcesMEDLINE, CINAHL, Physiotherapy Evidence Database, Embase, and the Coch-

rane Register of Controlled Trials were searched. Studies were collected up to November 1,

2010. Reference lists were additionally scrutinized.

Study selection Studies were included when they presented joint power or work and com-

pared (1) the amputated and intact legs, (2) the amputated leg and a referent leg, or (3) the

intact leg and a referent leg. Eligibility was independently assessed by 2 reviewers. A total

of 13 articles were identified.

Data extraction Data extraction was performed using standardized forms of the Cochrane

Collaboration. Methodologic quality was independently assessed using the Downs and Black

instrument by 2 reviewers. The possibility of data pooling was examined. Significant differ-

ences found in studies that could not be pooled are also presented.

Data synthesis Significant results (P < .05). For work TT, for the concentric work total

stance phase knee, the amputated was less than the intact/referent side, and the referent

was less than the intact side. For the eccentric knee extensor (K1) phase, the amputated

was less than the intact side, and the intact was greater than the referent side. For the

concentric knee extensor (K2) phase, the amputated/referent was less than the intact side.

For the concentric work total stance phase hip, the amputated/intact was greater than the

referent side. For the concentric hip extensor (H1) phase, the amputated/intact was greater

than the referent side. For power TT, for the peak power generation stance phase knee, the

amputated was less than the referent side. For peak power generation swing phase knee,

the amputated was less than the referent side. For the eccentric knee flexor (K4) phase, the

amputated was less than the intact side. For the eccentric hip flexor (H2) phase, the am-

putated was greater than the intact side. For work TF, for the concentric plantar flexor (A2)

phase, the referent was less than the intact side. For the H1 phase, the referent was less

than the intact side. For the H2 phase, the amputated was greater than the intact/referent

side, and the referent was greater than the intact side. For power TF, for the K2 phase, the

referent was less than the intact side. Sensitivity analysis did not alter the conclusions.

Conclusions Adaptations were seen in the amputated and intact legs. TT and TF use re-

markably similar adaptation strategies at the level of the hip to compensate for the loss

of plantar flexion power and facilitate forward progression. At the knee level, adaptations

differed between TT and TF.
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INTRODUCTION

INTRODUCTION

Walking is highly dependent on dynamic interactions between sensory afferents and the

central motor program for locomotion.46 Because an amputation leads to the loss of sen-

sorimotor function of a leg, these skills are challenged. During the period of rehabilitation,

a person with an amputation learns to compensate for the deterioration of these skills by

adaptation strategies in both the intact leg and the remaining stump.

There are numerous ways to describe the gait pattern of people with an amputation,

such as using temporal-spatial, kinematic, and/or kinetic variables. Kinetic variables are

used to describe the forces acting across joints and include joint moment, power, and work.

Joint power is defined as the product of the joint moment and joint angular velocity 13 and

gives insight into the net power produced or absorbed by the uniarticular and biarticular

musculotendon complexes.47 Power studies allow quantification of the contribution of the

musculotendon complex to the observed motion of body segments.47 Joint work is com-

puted as the time integral of joint power.48 Power and work can have positive and negative

values. By convention, positive values represent energy generation, and negative values

represent energy absorption. Energy generation is the result of concentric muscle action,

energy absorption the result of eccentric muscle action.13

Winter13 studied the gait of able-bodied people and categorized the power profile into

different phases. The ankle has 2 major phases: (1) the eccentric plantar flexor (A1) phase

as the tibia rotates forward over the foot flat, and (2) the concentric plantar flexor (A2) phase

(push-off) as the foot plantar flexes prior to swing phase. The knee has 4 major phases: (1)

the eccentric knee extensor (K1) phase as the knee flexes during weight acceptance, (2) the

concentric knee extensor (K2) phase as the knee extends during midstance, (3) the eccentric

knee extensor (K3) phase during push-off as the knee flexes, and (4) the eccentric knee

flexor (K4) phase as the knee extends at the end of swing. The hip has 3 major phases:

(1) the concentric hip extensor (H1) phase as the hip extends during weight acceptance,

(2) the eccentric hip flexor (H2) phase to decelerate the backward rotating thigh, and (3)

the concentric hip flexor (H3) phase as the hip flexes prior to swing phase. These phases

are also applicable on the intact joints of amputees.49 The phases are less applicable on

the prosthetic joints because most prosthetic components are passive and therefore solely

capable of absorbing energy.

In the able-bodied, the generation of energy during the A2 phase plays an important role

in the forward progression of the body,13,50–53 the acceleration of the leg into swing,53,54

and the generation of knee flexion during swing.55 Previous research has shown that in

persons with a transtibial (TT) or transfemoral (TF) amputation, significantly less power is

generated during the A2 phase in the amputated leg compared with the ankle of an able-

bodied person.48,56–58 Because the generation of energy of the ankle is decreased, persons

with TT and TF amputation must adapt the motor strategies used for forward progression

of the body, acceleration of the leg, and achievement of sufficient knee flexion during the
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swing phase.

In TF amputation, there is an additional loss of sensorimotor function of the knee. To our

knowledge, no studies have been published describing the generated and absorbed energy

of the prosthetic knee of TF amputation. However, reduced knee moments and knee range

of motion of the prosthetic knee have been described,59 thereby affecting the gait pattern

of TF amputees.

Insight in the gait adaptation of TT and TF amputation could help improving prosthetic

devices and form the basis for rehabilitation programs. To fulfill these objectives, numerous

studies have been performed studying power and work performance of both the amputated

and intact legs. These studies generally use small study populations, making it difficult to

reach sufficient statistical power. Therefore, combining the results of multiple studies would

be interesting. This will increase the overall study population and thereby, possibly, the

statistical power.

We hypothesized that the required adaptation strategies needed for successful ambu-

lation would have an effect on joint power and work. Furthermore, we hypothesized that

these adaptations will take place in both the intact leg and the amputated leg. The aim

of this systematic review is to describe the adaptation strategies in both the intact leg and

the amputated leg in TT and TF amputation in terms of joint power or work compared with

able-bodied or normative data.

METHODS

Literature search

We conducted a computerized literature search in MEDLINE (1950 to November 2010), Em-

base (<1950 to November 2010), CINAHL (1966 to November 2010), Physiotherapy Evidence

Database (1929 to November 2010), and the Cochrane Central Register of Controlled Trials

(Cochrane Library 2010 issue 4). The search strategy used in MEDLINE was based on the

following Medical Subject Headings terms: amputation, amputees, artificial limbs, walking,

gait, locomotion, biomechanics, kinetics, and muscle. We adapted the search strategy to fit

the different databases. In addition, we examined the reference lists of potentially relevant

articles.

Selection criteria

There were no restrictions on study design because most trials studying gait use an obser-

vational study design, which is already considered a low level of evidence. If restrictions on

study design were applied, most eligible studies would have been excluded. We included

studies in which the participants had TT or TF amputation and were able to walk without

assistance devices. Outcome measures had to include joint power or work obtained in level

walking. Studies were eligible when comparisons were made between (1) an amputated leg
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and the contralateral intact leg, (2) the amputated leg and a referent leg (leg of an able-

bodied person) or normative data, or (3) the intact leg of an amputee and a referent leg

or normative data. We placed no restrictions on used feet and/or prosthesis. Finally, we

excluded studies not published in English, Dutch, or German.

Selection of studies

The titles and abstracts of the studies identified in the literature search were independently

scrutinized by E.C.P. and M.J.N. on potential eligibility for inclusion. If the title and abstract

provided inconclusive information, we retrieved the full-text version to decide on inclusion.

If the studies met the inclusion criteria but failed to report information needed for data

synthesis, we contacted the primary author. If the required information could be provided,

the study was included. When the primary author could not provide the information or

when there was no response on the request, the study was excluded.

Categorization of studies

We categorized studies according to amputation level into TT and TF amputation, and ac-

cording to presented outcome measures into either joint power or work. Furthermore, we

investigated the possibility to combine multiple trials studying a specific type of foot and/or

prosthesis. We analyzed each category separately. When studies used different walking

speeds, we used the data obtained at the walking speed that most closely resembled the

walking speed of the other trials in the category in the analysis.

Based on an exploratory search, it was expected that study results would include both

peak values with ambiguity on timing and peak values presented according to the phases of

Winter.13 When the timing of the peak value was unclear, we checked the results section for

a graphic presentation of the power profile. If this was available, the graphic presentation

was studied to determine whether the peak value corresponded with one of the phases

described by Winter.13 In the case of correspondence, we analyzed the peak values as being

a peak of a phase described by Winter.13 In the case of non-correspondence or when no

graphic presentation was provided, we used the peak value in the analysis and ambiguity

on timing of the peak value remained.

Methodologic quality and data extraction

We assessed methodologic quality of included studies with the instrument developed by

Downs and Black.60 The checklist includes 27 items in 5 subscales: reporting (n=10), ex-

ternal validity (n=3), internal validity bias (n=7), internal validity confounding (n=6), and

power (n=1). The maximal score is 32, with a higher score representing a better methodol-

ogy. The test retest reliability (r= .89), interrater reliability (r= .75), and internal consistency

(Kuder-Richardson formula 20 = .89) of the checklist is good.60 The included studies were

scored independently by 2 reviewers (E.C.P. and an independent reviewer). In the case of

disagreement, consensus was sought, but when disagreement persisted, a third reviewer
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(M.J.N.) made a final decision.

We used standardized forms developed by the Cochrane Collaboration for the data ex-

traction.61 Characteristics of trials and participants, relevant outcomes, and references to

potentially relevant studies not identified during the literature search were recorded.

Data synthesis

We studied the results of the studies within each category to investigate the possibility of

data pooling. When this was possible, mean difference with 95% confidence interval, het-

erogeneity, and confounding were calculated using Review Manager 5. Because the statisti-

cal tests assessing heterogeneity generally have a lack of power because of the low number

of studies combined, significance was set at a P value of .10. If statistical tests showed het-

erogeneity, we used random-effect models. In the case of non-significant heterogeneity, we

used fixed-effect models. We explored confounding using a sensitivity analysis. If there was

ambiguity about whether a study met the inclusion criteria, we examined the effect of in-

cluding or excluding this study. Where data pooling was not possible, statistically significant

results are presented.

RESULTS

The literature search yielded 613 citations up to November 1, 2010. Removal of duplicates

left 453 articles. Scrutinizing the titles and abstracts of these articles identified 58 potentially

relevant studies,11,12,16,17,48,49,56–59,62–109 which were retrieved for further screening. Exami-

nation of the reference lists of these articles added 1 study,110 for a total of 59 potentially

relevant studies. The identified articles were reviewed to determine whether they met the

inclusion criteria. This led to the exclusion of 46 articles. Reason for exclusion included not

reporting power or work (n=26),59,62–64,68,73,74,78,82–85,87–89,91,94–96,99,101,102,104,107–109 only pre-

senting power or work of prosthetic components (n=6),76,77,86,92,93,100, no numeric data or

statistical analysis (n=6)49,69,73,80,81,90 no description on individual joint level (n=4),17,70,98,105

no comparisons between legs (n=3),11,12,67 and no optimal prosthetic prescription (n=1).83

The remaining 13 articles,16,48,56–58,65,66,72,79,97,103,106,110 all of which used an observational

design, were included in this systematic review. The flow diagram of article retrieval and

analysis is displayed in Figure 2.1.

Description of studies of TT amputation

A total of 12 studies of TT amputation were identified.16,56–58,65,66,72,79,97,103,106,110. Five stud-

ies described work, and 9 studies described power. Details of included studies are pre-

sented in Table 2.1. Combining results of multiple trials studying a specific foot was not

possible. We discussed whether the pooling of the different studies was legitimate based

on the prosthetic components that were used in the trials, which was the case.
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Poten�ally relevant ar�cles  

iden�fied through computerized 

search of databases 

n = 613 

Poten�ally relevant ar�cles  

screened for retrieval 

n = 453 

Poten�ally relevant ar�cles  

n = 58 

Checking references for 

poten�ally relevant ar�cles 

Added poten�ally relevant  

ar�cles 

n = 1 

Total of poten�ally relevant 

ar�cles retrieved for further 

analysis 

n = 59 

Ar�cles included in this  

systema�c review 

n = 13 

Studies of individuals with  

trans�bial amputa�on n = 12 

Studies of individuals with  

transfemoral amputa�on n = 2 

Removal of duplicates 

n = 160 

Removal a"er scru�nizing �tles 

and abstracts 

n = 395 

Exclusion of ar�cles 

n = 46 

 

Reason for exclusion  

· Not repor�ng power or work; 

n = 26 

· Power or work of prosthe�c 

components; n = 6 
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analysis; n = 6 

· No descrip�on on individual 

joint level; n = 4 

· No comparison of two or more 

leg condi�ons; n = 3 

· No op�mal prosthe�c 

prescrip�on; n = 1 

Figure 2.1: Flow diagram of article retrieval and analysis
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Table 2.1: Characteristics of studies of patients with a transtibial amputation

Author (year) Bateni and Olney (2002) Beyeart et al. (2008)

Design Case series Case control

Number of

participants

Amputees: 5

Controls: None

Amputees: 17

Controls: 15

Age (years) Amputees: 50.6±14.5 Amputees: 46±16

Controls: 45±17

Inclusion

criteria

Amputees: using Seattle Light foot

prosthesis; fully ambulatory; normally

performing prosthesis

Controls: Matched for age, height,

mass and sex; no known

musculoskeletal problems affecting

gait

Amputees: Unilateral amputation;

prosthesis use > 1 year; not walking

with assistive devices; no stump pain,

tenderness; no cardiovascular,

neurologic, or musculoskeletal

abnormalities affecting gait

Controls: Age- and height-matched

healthy subjects

Reason for

amputation

Congenital: 4

Infection: 2

Traumatic

Time since

amputation

Not available 16.7±17.6 years

Used foot Seattle Light Foot Propulsive feet (15) and SACH (2)

Outcome

measures

Peak Power K1/K2/K3/K4 (W/Kg)

Amputated, intact, and referent leg

Work K1/K2 (J/Kg)

Amputated leg, intact leg, and referent

leg

Walking speed

(m/s)

Amputees: 1.04±0.1

Controls: 1.12±0.17

Amputees: 1.36±0.20

Controls: 1.39±0.17

Methodologic

quality

Reporting

External validity

Internal validity

Selection bias

Power

Total

6/11

0/3

4/7

1/6

0/5

12

Reporting

External validity

Internal validity

Selection bias

Power

Total

8/11

1/3

5/7

1/6

0/5

15

Data are presented as mean ± standard deviation unless otherwise stated

Table continues on next page
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Table 2.1: Characteristics of studies of patients with a transtibial amputation (continued )

Author (year) Centomo et al. (2007) Gitter et al. (1991)

Design Case control Case control

Number of

participants

12 (6/6) 10 (5/5)

Age (years) Amputees: 11±5

Controls: 12±4

Amputees: range 20-50

Controls: range 20-50

Inclusion

criteria

Amputees: unilateral amputation;

prosthesis use > 1 year; no lesion on

stump, no problems knee joint; not

walking with assistive devices; good

walking confirmed by prosthetist

Controls: not stated

Amputees/Controls: No history of

lower-extremity joint dysfunction or

concurrent painful conditions that

might affect gait pattern

Reason for

amputation

Traumatic Traumatic

Time since

amputation

Longer or equal

to one year

Not available

Used foot SAFE foot Subject were tested with Flex foot,

SACH foot, and Seattle Light foot

Acclimatization: 3 weeks

Outcome

measures

Peak Power K3/K4/H1/H3 (W)

Amputated and intact leg

Work K1/K2/K3/H1/H2/H3 (J)

Amputated leg and referent leg

Walking speed

(m/s)

Amputated leg: 1.11±0.20

Intact leg: 1.13±0.20

Controlled walking speed of 1.5±10%

Methodologic

quality

Reporting

External validity

Internal validity

Selection bias

Power

Total

7/11

1/3

3/7

1/6

0/5

12

Reporting

External validity

Internal validity

Selection bias

Power

Total

6/11

0/3

4/7

1/6

0/5

11

Data are presented as mean ± standard deviation unless otherwise stated

Table continues on next page
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Table 2.1: Characteristics of studies of patients with a transtibial amputation (continued )

Author (year) Grumillier et al. (2008) Nolan and Lees (2000)

Design Case control Case control

Number of

participants

Amputees: 17

Controls: 15

Amputees: 4

Controls: 10

Age (years) Amputees: 46±16

Controls: 45±17

Amputees: 41±5

Controls: 28.8±9.57

Inclusion

criteria

Amputees: Unilateral amputation;

prosthesis use >1 year; not walking

with assistive devices; no stump pain;

no cardiovascular, neurologic,

musculoskeletal abnormalities

affecting gait

Controls: Age-matched and

height-matched healthy subjects

Amputees: Established unilateral

amputees regularly participating in

sports

Controls: Active in sports, no lower-leg

injury or history of injury

Reason for

amputation

Traumatic Traumatic

Time since

amputation

16.7±17.6 years 7.75±2.75 years

Used foot Propulsive feet (15) and SACH (2) Not available

Outcome

measures

Work H1 (J/Kg)

Amputated leg, intact leg, and referent

leg

Peak power (W/Kg)

Intact leg and referent leg

Walking speed

(m/s)

Amputees: 1.36±0.20

Controls: 1.39±0.17

Controlled walking speed of 1.3±3%

Methodologic

quality

Reporting

External validity

Internal validity

Selection bias

Power

Total

8/11

1/3

5/7

1/6

0/5

15

Reporting

External validity

Internal validity

Selection bias

Power

Total

5/11

0/3

4/7

1/6

0/5

10

Data are presented as mean ± SD unless otherwise stated

Table continues on next page
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Table 2.1: Characteristics of studies of patients with a transtibial amputation (continued )

Author (year) Powers et al. (1998) Sadeghi et al. (2001)

Design Case control Case series

Number of

participants

Amputees: 10

Controls: 10

Amputees: 5

No controls

Age (years) Amputees: 62.3±6.9

Controls: 50.9±8.6

27±12.7

Inclusion

criteria

Amputees: Unilateral vascular

amputation; independent community

ambulators; no use of assistive devices

Controls: Free of any conditions

affecting gait

Not explicitly stated; all subjects were

unilateral amputees without stump

problems

Reason for

amputation

Vascular Traumatic: 3

Vascular: 2

Time since

amputation

>2 years Not available

Used foot Seattle Light foot SACH

Outcome

measures

Peak positive knee power during

stance (W/Kg-m).

Amputated leg and referent leg

Peak power K1/K2/K3/K4/H1/H2/H3

(W/Kg)

Amputated and intact leg

Walking speed

(m/s)

Amputees: 1.08±0.18

Controls: 1.30±0.20

Amputated leg: 1.27±0.22

Intact leg: 1.28±0.22

Methodologic

quality

Reporting

External validity

Internal validity

Selection bias

Power

Total

8/11

1/3

5/7

1/6

0/5

15

Reporting

External validity

Internal validity

Selection bias

Power

Total

8/11

1/3

4/7

2/6

0/5

15

Data are presented as mean ± standard deviation unless otherwise stated

Table continues on next page

27



CHAPTER 2: Adaptation strategies during walking: A systematic review

Table 2.1: Characteristics of studies of patients with a transtibial amputation (continued )

Author (year) Schneider et al. (1993) Selles et al. (2003)

Design Case series Case control

Number of

participants

Amputees: 12

No controls

Amputees: 10

Controls: 10

Age (years) 10.9±3.2 Amputees: 38±10.4

Controls: 35±12.4

Inclusion

criteria

Not explicitly stated; all subjects were

physically active amputees in good

health

Amputees: Ability to walk unassisted 5

minutes; no skin problems of stump

Controls: Matched for age, height, sex,

and body mass; free of

cardiopulmonary, neurologic, or

orthopedic problems influencing

walking ability

Reason for

amputation

Traumatic/disease: 3

Congenital: 9

Traumatic

Time since

amputation

Not available Not available

Used foot Subjects were tested with SACH and

Flex foot

Acclimatization: SACH: >2 years, Flex

foot: 2 months

Energy storing and releasing foot (9),

SACH (1)

Outcome

measures

Work/peak power generated and

absorbed (Js−1N−1)

Amputated and intact leg

Peak power generated and absorbed

during swing (W)

Amputated leg and referent leg

Walking speed

(m/s)

Comfortable: 0.9±0.2

Fast: 1.3±0.1

Amputees: 1.34±0.24

Controls: 1.40±0.16

Methodologic

quality

Reporting

External validity

Internal validity

Selection bias

Power

Total

6/11

1/3

3/7

1/6

0/5

11

Reporting

External validity

Internal validity

Selection bias

Power

Total

7/11

1/3

3/7

1/6

0/5

12

Data are presented as mean ± standard deviation unless otherwise stated

Table continues on next page
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Table 2.1: Characteristics of studies of patients with a transtibial amputation (continued )

Author (year) Silverman et al. (2008) Vanicek et al. (2009)

Design Case control Case control

Number of

participants

Amputees: 14

Controls: 10

Fallers: 6

Non-fallers: 5

Age (years) Amputees: 45±9

Controls: 33±12

Fallers: 56±13

Non-fallers: 57±21

Inclusion

criteria

Both groups: Free from

musculoskeletal disorders and leg

pain; not requiring assistive devices;

proficient walkers

Both groups: Wearing prosthesis on

daily basis; ability to walk 120 meters

without walking aids and experiencing

pain.

For the group of fallers, an additional

inclusion criterion was a fall within the

last 9 months.

Reason for

amputation

Traumatic: 11

Vascular: 3

Fallers: Traumatic: 4, Vascular: 2

Non-fallers: Traumatic: 3, Vascular: 2

Time since

amputation

Not available Fallers: 3.5±4.3

Non-fallers: 10.6±12.3

Used foot Energy storing and releasing foot (9),

SACH (5)

Fallers: Multiflex (4), Variflex (1),

Ceterus (1)

Non-fallers: Multifex (3), Variflex (1),

Dynamic (1)

Outcome

measures

Concentric/eccentric work during

stance and peak power

K1/K2/K3/K4/H1/H2/H3 (W/Kg)

Amputated leg, intact leg and referent

leg

Peak power K1/K2/K3/K4/H1/H2/H3

(W/Kg)

Amputated leg and intact leg

Walking speed

(m/s)

Controlled walking speed of 0.6, 0.9,

1.2 and 1.5

Fallers: 1.19±0.35

Non-fallers: 1.07±0.20

Methodologic

quality

Reporting

External validity

Internal validity

Selection bias

Power

Total

8/11

0/3

4/7

2/6

0/5

14

Reporting

External validity

Internal validity

Selection bias

Power

Total

8/11

1/3

4/7

2/6

0/5

15

Data are presented as mean ± standard deviation unless otherwise stated
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Joint work, amputated-intact legs

Four studies compared joint work of amputated and intact legs. 57,66,103,110 For the trial by

Silverman et al.,57 only the data obtained at a walking speed of 1.2m/s were used in the

analysis. Methodologic quality ranged from 12103 to 15.66,110 Three studies66,103,110 pre-

sented results according to the categorization of Winter.13 Of these trials, 1 trial presented

results on the knee level66 and 2 trials on the hip level.103,110 The fourth study57 did not

describe work according to the categorization of Winter13 but integrated the positive and

negative power profile as a whole. The results of the 2 trials reporting on the hip level could

be pooled. In addition to the pooled results, significant found in the other studies results

are presented.

Joint work, amputated-referent legs

Four studies compared joint work of the amputated leg and a referent leg. 56,57,66,110 Method-

ologic quality ranged from 1156 to 15.66,110 Three studies reported on the knee level,56,57,66

and 3 studies reported on the hip level.57,103,110 These studies could not be pooled because

they made use of different measurements units. Significant results are presented.

Joint work, intact-referent legs

Three studies compared joint work of the intact leg and a referent leg.57,66,110 Methodologic

quality ranged from 1457 to 15.57,66 Two studies66,110 used the categorization of Winter13

and presented results on the knee66 and hip110 levels. The third study57 did not use the

categorization of Winter.13 None of the studies could be pooled. Significant results are

presented.

Joint power, amputated-intact legs

Six studies compared joint power of the amputated and intact legs. 57,58,65,79,103,106 In the

study of Silverman et al. 57 and the trial of Vanicek et al. 65 results of power generation and

absorption are graphically presented. Therefore, the primary authors were contacted to

obtain numeric data. These data were provided. The trial of Vanicek et al. 65 made a com-

parison between fallers and non-fallers. Because falling was not an exclusion criterion for

the present review, we chose to include data of both groups. Methodologic quality ranged

from 1179 to 15 points.58,65 Of the 6 studies, 4 studies could be pooled.57,58,65,103 The other

studies could not be pooled because 1 study did not present a graphic or numeric repre-

sentation106 and 1 study described the overall peak values of power generation and absorp-

tion79 instead of peaks of the categories identified by Winter.13 Significant results of these

2 studies are presented next to the results of data pooling.

Joint power, amputated-referent legs

Four studies compared the joint power of the amputated leg and a referent leg.57,72,97,106

Methodologic quality ranged from 1272 to 15.97 Only the results of 2 studies regarding the

K4 phase could be pooled.57,72 The other studies could not be pooled because the study
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of Centomo et al. 106 failed to report numeric data, and the trial of Powers et al. 97 failed to

report a standard deviation. Significant results found in the individual studies are presented

next to the pooled data.

Joint power, intact-referent legs

Three studies compared joint power of the intact leg and a referent leg. 16,57,106 Method-

ologic quality ranged from 1016 to 1457 points. The data of 2 trials could be pooled.57,106

Both trials reported on the A1, A2, K2, K3, H2, and H3 phases. Silverman et al. 57 additionally

presented data on the other phases. The data of the trial of Centomo et al. 106 could not be

pooled because no numeric data were presented. Significant results are presented.

Results of studies of TT amputation

Results of trials are displayed in Table 2.2 and Table 2.3.

Joint work, amputated-intact legs

Results showed that the knee of the intact leg performed more concentric work than the

knee of the amputated leg.57 Looking more specifically at the different phases, significantly

less eccentric work was performed during the K1 phase of the amputated leg compared

with the intact leg.66 During the K2 phase, significantly less concentric work was performed

by the amputated leg than by the intact leg.66 On the hip level, no significant differences

were found.57,103,110

Joint work, amputated-referent legs

Results indicated that the knee of the amputated leg performed significantly less concentric

work during the stance phase than the knee of a referent leg.57 The hip of the amputated

leg performed significantly more concentric work than the hip of a referent leg during the

stance phase.57 Looking more specifically at the phases of the knee, conflicting results were

found. The trial of Gitter et al. 56 found that in the K2 phase, significantly less work was

performed by the amputated leg when wearing the Flex foot, whereas the study of Beyaert

et al.
66 found no significant differences. When looking at the hip, results showed that during

the H1 phase, significantly more work was performed by the amputated leg than a referent

leg.56,110

Joint work, intact-referent legs

Results indicated that the hip and knee of the intact leg performed significantly more con-

centric work during the stance phase than the hip and knee of a referent leg. 57 When look-

ing more specifically at the different phases of the knee, results indicated that during the K1

phase,66 the K2 phase,66 and the H1 phase,110 significantly more work was performed by

the intact leg than a referent leg.
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Table 2.2: Results of Joint Work of patients with a transtibial amputation

Intact Leg

Parameters Result Comparison Mean± SD

Knee K1 Work AL<IL P<.05 -2.8±1.8 vs -10±5

A
m
p
u
ta
te
d

L
e
g

K2 Work AL<IL P<.05 2.4±2.1 vs 4.6±3.2

Conc Work Stance AL<IL P<.05 -

Ecc Work Stance AL<IL NS -

Hip H1 Work AL>IL NS 0.01 (-0.03, 0.05)

Conc Work Stance AL<IL NS -

Ecc Work Stance AL<IL NS -

Referent Leg

Parameters Result Comparison Mean± SD

Knee K1 Work AL<RL NS -2.8±1.8 vs -3.5±2.4

A
m
p
u
ta
te
d

L
e
g

K2 Work Conflicting evidence

Conc Work Stance AL<RL P<.05 -

Ecc Work Stance AL<RL NS -

Hip H1 Work AL>RL P<.05 17.1±6.0 vs 14.2±4.9

Conc Work Stance AL>RL P<.05 -

Ecc Work Stance AL<RL NS -

Intact Leg

Parameters Result Comparison Mean± SD

Ankle Conc Work Stance RL<IL NS -

Ecc Work Stance RL<IL NS -

R
e
fe
re
n
t

L
e
g

Knee K1 Work RL<IL P<.05 -3.5±2.4 vs -10±5

K2 Work RL<IL P<.05 2.6±1.7 vs 4.6±3.2

Conc Work Stance RL<IL NS -

Ecc Work Stance RL>IL NS -

Hip H1 Work RL<IL P<.05 14.2±4.9 vs 16.9±8.4

Conc Work Stance RL<IL P<.05 -

Ecc Work Stance RL>IL NS -

Abbreviations: NS, non-significant; Conc, concentric; Ecc, eccentric; AL, Amputated

Joint power, amputated-intact legs

Data pooling showed that during the K4 phase, significantly less power was absorbed in the

amputated leg than the intact leg.57,58,65 During the H2 phase, significantly more power was

absorbed in the amputated leg.57,58,65 In contrast with the first finding, the study by Cen-

tomo et al. 106 found no statistically significant differences during all knee phases. Schneider

et al.
79 found a significant decrease in peak power absorption of the knee of the amputated

leg when wearing the SACH and Flex foot compared with the intact leg. The peak power
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generation of the knee was significantly lower in the amputated leg when wearing the Flex

foot. On the hip level, the peak power absorption was significantly decreased and the peak

power generation was increased in the amputated leg in both feet conditions compared

with the intact leg.

Joint power, amputated-referent legs

During the stance phase, significantly less knee power was generated in the amputated leg

than in a referent leg.57,97 When looking at the swing phase, peak power generation of the

knee was significantly lower in the amputated leg than in a referent leg.72 In contrast with

these findings, Centomo et al. 106 found no significant differences on the knee level.

Joint power, intact-referent legs

No significant differences were found.

Description of studies of TF amputation

Two studies of TF amputation were identified.16,48 One study described performed work,48

and 1 study described power.16 Details of included studies are described in Table 2.4.

In the study describing performed work,48 reasons for amputation included trauma and

a tumor. Amputees used a Mauch SNS in combination with a Seattle Light foot. The method-

ologic quality of this study was 13 points.

One study presented joint power of the intact leg compared with a referent leg.16 All

amputees participating in this study had trauma. The methodologic quality of this study

was 10 points.

Results of studies of TF amputation

Results are displayed in Table 2.5.

Joint work, amputated-intact legs

Results showed that during the H2 phase, significantly more work was performed by the

amputated leg than the intact leg.48

Joint work, amputated-referent legs

Results showed that in the H2 phase, significantly more work was performed by the ampu-

tated leg than the hip of a referent leg.48

Joint work, intact-referent legs

Results indicated that significantly more work was performed by the intact leg during the A2

phase than by a referent leg. During the H1 phase, significantly more work was performed

by the intact leg. When looking at the H2 phase, significantly less work was performed by

the intact leg than a referent leg.48
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Table 2.3: Results of Joint Power of patients with a transtibial amputation

Intact Leg

Parameters Result Comparison Mean Diff (95% CI)

Knee K1 Power AL<IL P=.05 0.35 (0.00, 0.69)

A
m
p
u
ta
te
d

L
e
g

K2 Power AL>IL P=.65 0.03 (-0.07, 0.22)

K3 Power AL>IL P=.12 -0.17 (-0.37, 0.04)

K4 Power AL<IL P=.003 0.27 (0.08, 0.45)

Hip H1 Power AL>IL P=.73 0.03 (-0.13, 0.18)

H2 Power AL>IL P=.02 -0.15 (-0.27, -0.02)

H3 Power AL<IL P=.99 0.00 (-0.15, 0.15)

Referent Leg

Parameters Result Comparison Mean Diff (95% CI)

A
m
p
u
ta
te
d

L
e
g

Knee K4 Power AL<RL P=.31 0.30 (-0.29, 0.89)

Peak Power Stance AL<RL P<.05 0.80 vs 0.60

Peak Power Swing AL<RL P=.02 13.8±8.4 vs 28.8±10.7

Hip Peak Power Stance AL<RL P=.14 43.9±13.9 vs 56.7±30.7

Peak Power Swing AL>RL P=.05 -3.7±3.0 vs -1.7±1.9

Intact Leg

Parameters Result Comparison Mean Diff (95% CI)

Ankle A1 Power RL>IL P=.92 0.03 (-0.60, 0.66)

R
e
fe
re
n
t

L
e
g

A2 Power RL<IL P=.80 -0.06 (-0.57, 0.44)

Knee K2 Power RL<IL P=.23 0.36 (-0.23, 0.96)

K3 Power RL<IL P=.57 -0.47 (-2.10, 1.16)

Hip H2 Power RL<IL P=.57 -0.21 (-0.92, 0.50)

H3 Power RL>IL P=.33 0.41 (-0.41, 1.23)

Abbreviations: NS, non-significant; Conc, concentric; Ecc, eccentric

Joint power, intact-referent legs

Results indicated that significantly less power was generated during the K2 phase of the

knee of a referent leg compared with the knee of the intact leg.16

Results of sensitivity analysis

In the comparison of peak power of the amputated and intact legs of TT amputation, the

trial of Vanicek et al. 65 was included. This study compared biomechanical variables of fallers

and non-fallers. Because falling was not an exclusion criterion for this review, we chose to

include data of both groups. However, a significant difference in joint power of the intact

limb was found between fallers and non-fallers during the H2 phase. Because other trials

did not report on falling, we chose to exclude the data of the fallers to test the robustness
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Table 2.4: Characteristics of studies of patients with a transfemoral amputation

Author (year) Nolan and Lees (2000) Seroussi et al. (1996)

Design Case control Case control

Number of

participants

Amputees: 4

Controls: 10

Amputees: 8

Controls: 8

Age (years) Amputees: 27.8±8.2

Controls: 28.8±9.57

Amputees: 37.3 (range 30-44)

Controls: 31.8 (range 25-41)

Inclusion

Criteria

Amputees: established unilateral

amputees regularly participating in

sports

Controls: active in number of

sports; no lower-leg injury or

history of injury

Amputees: community ambulators;

ability to walk without upper-extremity

ambulatory aids

Controls: healthy, nondisabled

Reason for

Amputation

Traumatic Traumatic: 7

Tumor: 1

Time Since

Amputation

7.25±3.38 Range 5-23

Used foot Not available Knee: Mauch SNS

Feet: Seattle Light foot

Acclimatization: > 1mo

Outcome

Measures

Peak power generated and

absorbed (W/Kg)

Intact and referent leg

Work H1/H2/H3/H4 (J)

Amputated leg, intact leg, and referent

leg

Walking Speed

(m/s)

Controlled walking speed of

1.3±3%

Amputees: 1.20±0.10

Controls: 1.36±0.13

Methodologic

quality

Reporting

External validity

Internal validity

Selection bias

Power

Total

5/11

0/3

4/7

1/6

0/5

10

Reporting

External validity

Internal validity

Selection bias

Power

Total

7/11

1/3

4/7

1/6

0/5

13

Data are presented as mean ± standard deviation unless otherwise stated

of the found results. Exclusion of these data did not alter the described results.

DISCUSSION

This systematic review was performed to describe the adaptation strategies of both the

amputated leg and intact leg of TT and TF amputation. These adaptation strategies were de-

scribed by comparing joint work and power of the amputated and intact legs and a referent

leg.
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Table 2.5: Results of patients with a transfemoral amputation

Intact Leg

Parameters Result Comparison Mean± SD
A
m
p
u
ta
te
d

L
e
g

Hip H1 Work AL<IL NS 6.0±5.7 vs 9.9±5.5

H2 Work AL>IL P<.02 -13.6±2.5 vs -2.5±2.6

H3 Work AL>IL NS 8.7±3.5 vs 7.3±2.8

Referent Leg

Parameters Result Comparison Mean± SD

A
m
p
u
ta
te
d

L
e
g

Hip H1 Work AL>RL NS 6.0±5.7 vs 3.6±2.5

H2 Work AL>RL P<.02 -13.5±5.6 vs -8.3±3.3

H3 Work AL<RL NS 8.7±3.5 vs 9.0±1.9

Intact Leg

Parameters Result Comparison Mean± SD

Ankle A1 Work RL<IL NS -8.6±3.6 vs -10.3±3.3

A2 Work RL<IL P<.001 25.2±3.7 vs 34.2±6.6

A1 Power RL>IL NS -1.2±0.4 vs -1.0±0.5

Ecc Work Stance RL<IL NS 1.2±0.5 vs 1.7±0.5

Knee K1 Work RL>IL NS -4.9±3.2 vs -4.6±3.8

R
e
fe
re
n
t

L
e
g

K2 Work RL>IL NS 3.6±2.3 vs 2.1±1.4

K3 Work RL>IL NS -15.3±5.2 vs -9.8±5.4

K4 Work RL>IL NS -9.5±1.9 vs -8.6±1.9

K2 Power RL<IL P<.05 0.5±0.1 vs 1.0±0.6

K3 Power RL<IL NS -2.9±0.7 vs -4.4±1.3

Hip H1 Work RL<IL P<.05 3.6±2.5 vs 9.9±5.5

H2 Work RL>IL P<.02 -8.3±3.3 vs -2.5±2.6

H3 Work RL>IL NS 9±1.9 vs 7.3±2.8

H2 Power RL<IL NS -0.9±0.2 vs -1.3±0.7

H3 Power RL<IL NS 0.9±0.3 vs 1.0±0.4

Abbreviations: NS, non-significant; Conc, concentric; Ecc, eccentric

A total of 12 studies were included that studied TT amputation. One of the major alter-

ations seen on the knee level of the amputated leg is the decreased amount of performed

work during stance. These results reflect reduced involvement of the amputated leg in

weight acceptance control.66 Previous authors stated that TT amputees tend to avoid large

moments at the knee of the amputated leg during gait because these moments have the po-

tential to generate moments between the residual limb and the socket. 111 These moments
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can create areas of high pressure at the stump and are therefore minimized. The intact leg

seems to compensate for the reduced involvement of the amputated leg by increasing the

performed work at the knee.57,66 This could explain the increased incidence of osteoarthri-

tis of the knee of the intact leg of TT amputation.112 On the hip level, major adaptations in

performed work were seen in the amputated and intact legs. The concentric work of the

hip extensors during the early stance phase is increased in the amputated and intact legs

compared with a referent leg.57,110 These findings could indicate increased gluteus max-

imus activation. A modeling and simulation analysis of amputee walking showed increased

gluteus maximus excitation in both the amputated and intact legs to transfer more energy

to the trunk to provide forward progression.113 These results indicate that the glutei maximi

of both legs compensate for the decreased push-off of the prosthetic ankle.

In contrast with the studies describing work, peak power values for the amputated leg

during the K1 and K2 phases show no significant differences with the intact leg. A possible

explanation could be that the peak values are similar but the duration of power generation

or absorption is shorter. As a result, the area under the power profile is decreased, leading

to lower work performance. Furthermore, some conflicting results were found between

trials studying adults and children. A clear explanation for these findings is lacking. On the

hip level, results of peak power values confirm the results of performed work. In addition,

an increase in peak power of the amputated leg during the H2 phase was found compared

with the intact leg. There is no clear explanation for this finding in TT amputation. Seroussi

et al.
48 speculate that in TF amputation, an increase in peak H2 power is the result of a lack

of knee and hip flexion of the amputated leg, especially compared with the intact leg. This

places the subjects' center of mass posterior with respect to the amputated leg. An increase

in H2 power is thus necessary to pull the trunk over the amputated leg to prevent it from

lagging too far behind. Whether this explanation also applies in TT amputation should be

elucidated by future research.

Trials studying TT amputation used conventional (ie, SACH or SAFE) and dynamic (ie, Flex)

feet. Because several studies used various types of feet and most of these trials presented

overall figures, combining the results of different prosthetic components became inevitable.

This may have biased the results found in this review because of a possible effect on kinetic

variables. Schneider et al. 79 found differences on the knee and hip levels with the SACH

and Flex feet, described in the Results section of the present review. Comparison of en-

ergy storing and releasing (Carbon copy II, Flex, Seattle, and STEN) and more conventional

feet (SACH) showed no differences in peak power generation and absorption around the

hip.114,115 Underwood et al. 116 studied kinetic variables of the knee and hip with subjects

wearing SAFE and Flex feet. No significant differences were found. Based on these results,

it is difficult to explicitly state the influence of different prosthetic feet on the obtained re-

sults. In addition, we examined the forest plots to see whether there were different trends

in outcome for conventional and dynamic feet. These trends, however, were not identified

(Appendix 1).
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A total of 2 studies were included on the gait pattern of TF amputation. Results showed

that on the hip level, the intact leg performed more work than a referent leg. The amputated

leg had a tendency to perform more work than a referent leg, although this difference did

not reach statistical significance. These results show remarkable similarities to the results

of TT amputation. The relative differences, however, are larger in TF than TT amputation.

A similar explanation is applicable: by increasing gluteus maximus excitation, progression

is maintained.48 This finding is confirmed by an electromyogram study of Jaegers et al.2 TF

amputees used another adaptation strategy to compensate for the decreased push-off of

the prosthetic ankle. During the A2 phase, significantly more work was performed by the

intact leg than a referent leg. A third adaptation was seen during the H2 phase. A possible

explanation for this finding is given by Seroussi et al. 48 and described in this article.

The results of this systematic review must be generalized to other amputees with cau-

tion. The study populations mainly consisted of participants who were amputated for trau-

matic reasons. The total amputee population, however, is dominated by vascular amputees.

This is of importance because traumatic amputees tend to have a higher walking veloc-

ity. From previous research, it is known that walking speed influences biomechanical vari-

ables.57,117

This review was confounded by a number of factors:

1. The methodologic quality of included studies was low. The studies scored low on

the sub-scales external validity and internal validity (selection bias) in particular. It is

known that these factors are often limited in observational research. 118 Because the

size and characteristics of the source population from which the sample was extracted

were poorly described, the results of this meta-analysis and review are difficult to

generalize. Furthermore, ambiguity existed in most studies whether the amputee

subjects and controls were similar in all important respects, besides having an am-

putation. As a result, it is not known whether found differences could be attributed

solely to the amputation.

2. For the comparison between the amputated and intact legs of TT amputees, the data

of 4 different studies were pooled. The analysis that was carried out was based on the

assumption that these data were independent. However, it can be assumed that these

data were paired. A paired analysis was not possible because the covariance between

the data of the amputated and the intact legs could not be calculated. This could have

affected the results. See equation (2.1) for a paired analysis for an explanation:

X̄pooled = X̄1 + X̄2 − 2 ∗ covariance (2.1)

It can be assumed that the amputated and the intact leg are negatively correlated be-

cause the intact leg seems to compensate for the deterioration of function of the am-

putated leg. This will lead to a negative covariance. When this is taken into account,
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a positive number will be added to the formula, thereby increasing the pooled vari-

ance. An increase in pooled variance results in an increase of the P value. Therefore,

the found P values are in fact an underestimation of the actual P values. However,

because found significant differences showed P values smaller than .01, we expected

that these results would remain significant when the covariance was taken into ac-

count.

3. The trial by Nolan and Lees16 did not describe the used prosthetic feet. As stated,

prosthetic feet influence biomechanical variables. Because the information regarding

the used feet is lacking, it is unknown whether it was legitimate to pool the studies in

the comparison of the intact leg and a referent leg in TT amputation.

Based on the reported confounding factors, a few guidelines for future research can be

stated. First, future research should use more uniform outcome measures. Second, future

studies should report the timing of peak values by using, for example, the categorization

of Winter.13 Furthermore, future studies should clearly describe patient characteristics and

used prostheses. Compliance with these 3 key factors will allow data pooling without raising

questions about the legitimacy of the analysis.

Conclusions

In both TT and TF amputation, adaptations were seen in the amputated and intact legs.

Most of the adaptation can be attributed to a reduced involvement of the amputated leg

in weight acceptance and the loss of ankle plantar flexors. Based on these adaptations, it

can be concluded that the amputated and intact legs are asymmetric in function. Striving

toward gait symmetry based on the assumption that symmetrical gait is more functional

seems therefore inappropriate. Finally, muscle groups were identified, primarily the hip

extensors of both the amputated and intact legs, that compensate for the loss of senso-

rimotor function of the amputated body part. Rehabilitation programs could emphasize

training these muscle groups, thereby enabling maximal adaptability.
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Appendix

Joint Work, amputated-intact legs

H1 phase

Joint Power, amputated-intact legs

K1 phase

K2 phase

K3 phase
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K4 phase

H1 phase

H2 phase

H3 phase

Joint Power, amputated-referent legs

K4 phase
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Joint Power, intact-referent legs

A1 phase

A2 phase

K2 phase

K3 phase

H2 phase
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H3 phase
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ABSTRACT

Background Only few studies have looked at electromyography (EMG) during prosthetic

gait. Differences in EMG between normal and prosthetic gait for stance and swing phase

were never separately analyzed. These differences can give valuable information if and how

muscle activity changes in prosthetic gait.

Methods In this study EMG activity during gait of the upper leg muscles of six transfemoral

amputees, measured inside their own socket, was compared to that of five controls. On

and off timings for stance and swing phase were determined together with the level of co-

activity and inter-subject variability.

Results and conclusions Gait phase changes in amputees mainly consisted of an increased

double support phase preceding the prosthetic stance phase. For the subsequent (pre)

swing phase the main differences were found in muscle activity patterns of the prosthetic

limb, more muscles were active during this phase and/or with prolonged duration. The

overall inter-subject variability was larger in amputees compared to controls.

Keywords EMG, Transfemoral amputee, Kinematics, Spatio-temporal data.
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INTRODUCTION

INTRODUCTION

During rehabilitation transfemoral amputees (TFA) learn to adapt their gait pattern to walk

with a prosthesis. Several of these adaptations are already known. During gait the stance

phase of the amputated limb shortens compared to that of the intact limb. Therefore the

swing phase is longer for the amputated limb. The double support phase elongates when

the amputated limb becomes the stance limb and shortens when the intact limb becomes

the stance limb.10,119 The comfortable walking speed of prosthetic walkers is also lower than

in normal walking.2,10,16,48 Kinematic data shows that transfemoral amputees lack plantar

flexion power (push-off) at the prosthetic side. To facilitate forward propulsion they increase

the work by the hip joint at the prosthetic and intact side and the plantar flexors at the

intact side.16,48,120 Eccentric work at the hip of the intact side decreases with respect to

normal gait.48 Joint power during concentric knee extension increases for the intact side,

with respect to normal walking.16

However, little research has been performed on electromyography (EMG) during am-

putee gait. EMG of residual limb muscles of TFA may give valuable information on adap-

tations besides those that can be found using kinetic and spatio-temporal data. 121 Some

studies report increased and prolonged muscle activity in amputees during gait. 2,109,120 Bae

et al.
109 concluded that the co-activation of the upper leg muscles of the intact limb in

amputees was larger than in controls. Hong and Mun122 found that during gait the mus-

cle activity of residual limb muscles in TFA is correlated to the socket pressure. If EMG

patterns are different from that of controls this might indicate specific adaptations of am-

putees. Muscle activity per phase (stance and swing) can give more insight in the changes

in themuscle activity patterns, how they change compared to normal walking and in the

adaptations amputees make when walking with a prosthesis, besides kinematic changes.

In the current study we focus on muscle activity during the stance and swing phase

of prosthetic gait. Do the muscle activity patterns of the prosthetic limb change and how

do they change for the stance and swing phase, compared to normal gait? We intended to

have as little interventions to the prosthesis and the subsequent walking pattern as possible.

Therefore we measured EMG inside the socket, without modifications, of six amputees and

compared this to data of five controls. Previous studies have shown that it is possible to

measure EMG with acceptable quality inside the socket of amputees. 2,121

From this data we determined if the timings of the muscle activity changed with respect

to the different phases of gait compared to normal gait. We hypothesized that the general

EMG patterns during walking are comparable to those in controls, but we expected to find

differences related to specific adaptations in amputees. Three muscles at the contralat-

eral lower leg were also measured to determine the adaptations at the intact lower leg.

We determined how the inter-subject variability of amputees compares to that of controls.

Spatio-temporal and kinematic data were also measured for gait phase determination and

to relate the results to previous studies.
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Table 3.1: Characteristics of individuals with an amputation

Subject Type Age (years) Reason

amputation

Stump

length

(m)

Knee Foot Time

(months)

1 TKA 52 Traumatic 0.56 C-Leg C-walk 24

2 TKA 46 Traumatic 0.59 Rheo Knee Vari-Flex EVO 8

3 TKA 29 Dystrophy 0.56 C-Leg 1E56 5

4 TFA 61 Vascular 0.41 Total Knee Elation 5

5 TFA 64 Vascular 0.41 Total Knee Elation 6

6 TFA 62 Traumatic 0.35 C-Leg 1E56 133

Abbreviations: TKA: through-knee amputation; TFA: transfemoral amptutation

METHODS

Participants

Eleven healthy subjects participated in the study, five controls and six unilateral amputees.

All subjects were recruited between April and July 2011. Of the amputees there were three

transfemoral amputees (TFA) and three through the knee amputees (TKA). An overview of

the amputees can be found in Table 3.1. Inclusion criteria were: (1) have a unilateral TFA

or TKA regardless of the reason for amputation, (2) be between 18 and 70 years old, and

(3) be a prosthetic user able to walk independently with or without a walking aid (K-level 2,

3 and 4). The controls were on average aged 23 (range 21-27) and had no history of lower

leg injuries, neurodegenerative diseases or any skin conditions. An informed consent was

obtained before the experiments, and the study was approved by the local Ethics Commit-

tee. The institutional board, for the approval of the study is called METC Twente (or Medisch

Ethische Toetsingscommissie Twente).

Measurements

EMG recording was performed on eight upper leg muscles in all subjects: m. gluteus max-

imus (GMa), m. gluteus medius (GMe), m. tensor fasciae latae (TFL), m. rectus femoris

(RF), m. vastus lateralis (VL), m. biceps femoris (BF), m. semitendinosis (ST), m. adductor

magnus (Add). In amputees these were measured on the residual limb, in controls these

muscles were measured at one limb, which was alternated between dominant and non-

dominant limb. For amputees and controls this limb will be called the “prosthetic limb” and

“mimicked prosthetic limb” respectively.

At the contralateral lower limb three more muscles were measured, the m. tibialis an-

terior (TA), m. gastrocnemius medialis (GaM) and the m. soleus (Sol). For amputees and

controls this limb will be called the “intact limb” and the “mimicked intact limb” respectively.

Electrodes were placed according to the SENIAM standards,123 by an experienced phys-

ical therapist. For the amputees the locations were approximated, but EMG was checked
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prior to the measurements by selective contraction of the muscle.123 On each muscle two

self adhesive electrodes (Ambu, BRS) were placed as closely together as possible. EMG

measurements were performed with a 16 bipolar channel Porti-system (TMSi, Oldenzaal,

the Netherlands) at a sample frequency of 2048Hz, no prefiltering was applied.

Footswitches, placed mid-heel and under the first metatarsal head of each the foot, gave

information about initial contact and initial swing. Footswitch data was registered with the

Porti-system.

Kinematic data were measured (100Hz) using inertial sensors from Xsens (Xsens, En-

schede, the Netherlands), with 3D accelerometers, 3D gyroscopes and 3D magnetometers.

Two inertial sensors were placed at the upper and lower (mimicked) prosthetic limb. Sub-

jects wore their own low-heeled shoes.

To synchronize EMG, footswitches and inertial sensors a synchronization pulse (sync)

was given at the start and end of each measurement which was visible in all data sets.

Procedures

For the experiments the subjects were asked to walk at a self selected walking speed. After

data recording was started, the sync was pressed and subjects started walking. After five

steps they were asked to stop, turn around, wait 2-3 seconds, press the sync and walk back;

this constituted one trial. Four trials were performed in all subjects.

Data analysis

From the footswitch data the timings of initial contact (IC), terminal stance, initial swing and

loading response of each limb were determined.3 Foot switches were used to extract the

spatio-temporal information. Full strides were cut from the EMG and inertial sensor data,

from IC to IC of the (mimicked) prosthetic limb. Strides with gait initiation or termination

were excluded. All strides per subject were aligned at IC of the (mimicked) prosthetic limb.

Inertial sensor data

The inertial sensor data was expressed in the body coordinate system based on a sensor-

segment calibration procedure as described by Wentink et al. 124 This data was subsequently

low-pass filtered at 10 Hz with a second order, butterworth filter. From the calibrated in-

ertial sensor data the knee angle, hip adduction and abduction are calculated using ac-

celerometer and gyroscope data by the method described by Watanabe et al. 125

EMG data

EMG data was first high pass filtered at 10Hz and subsequently low pass filtered at 500Hz,

both with a 2 ! order Butterworth filter. In Figures 3.1, 3.2, 3.3, and 3.4 the ensemble av-

erages of all amputees and controls separately are provided, including the raw and filtered

data of one subject, of one trial for all muscles. In Figure 3.1 an example of filtered data is

presented. For on and off detection the data was rectified and integrated (IA) in a window
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Figure 3.1: Raw EMG data.

An example of filtered activity of all upper and lower leg muscles, of one subject during one trial. The row on

the left shows the raw data of the trial during one gait cycle. The middle row shows the high pass filtered (HPf),

rectified and low-pass filtered (LPf) data of the same trial and the right hand row shows the linear envelope HPf at

10Hz, rectified and LPf at 9Hz.

of 20 samples, a post processor of four windows was used. The threshold for on/off detec-

tion was determined per muscle. A period of rest activity was selected, and the mean IA

value of this period plus three times the standard deviation was used as threshold for onset

and termination of muscle activity.126–128 For each muscle, each stride and each subject the

on/off timings were calculated. These timings were averaged per subject, to get the on and

off timings per muscle, per subject.

The stance and swing phase of the (mimicked) prosthetic limb were calculated per sub-

ject and expressed as percentage of the total stride time. Using the average muscle on/off

timings per subject, we subsequently calculated for which percentage of the stance or swing

phase the muscles were active. These were subsequently averaged for the controls and

the amputees. Differences between controls and amputees were analyzed using a Kruskal-
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Figure 3.2: Motion artifacts.

An example of one amputee of the Biceps Femoris EMG with a motion artifact. On the left the data is high-pass

filtered at 10Hz, as in all trials without motion artifacts, but this does not remove the artifacts. On the right the

data is high-pass filtered at 50Hz, which did remove the motion artifact. Trials with this type of artifact that was

removed by a 50Hz HP filter, but not by a 10Hz Hp filter were removed from the data. Most trials did not show this

type of artifact and therefore the trials with artifacts were removed from the analysis and the original filtering was

used.

Wallis test. The level of alpha was set at 0.05.

The inter-subject variability of the EMG data was determined using the variance ratio

(VR) for each subject and muscle for the stance and the swing phase. 128,129 The VR is the

variance of the data between gait cycles normalized to the total variance, whereby 0 indi-

cates a low variance and 1 a high variance. Differences between the controls and amputees

were analyzed using the Mann-Whitney-Wilcoxon test.128 The standard error of the mean

(SEM), was calculated using equation (3.1), where N is the number of subjects per group. 130

SEM =
SD%on/off−time√

N
(3.1)
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Figure 3.3: Ensemble averages controls.

The ensemble averages of each of the controls averaged over all trails (20) for each of the measured muscles.

The black dashed line represents initial swing of the MIL, the black solid line initial contact of the MIL and the red

dashed line initial swing of the MPL. (MPL = mimicked prosthetic limb, MIL = mimicked intact limb).
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Figure 3.4: Ensemble averages amputees.

The ensemble averages of each of the amputees averaged over all trails (20) for each of the measured muscles.

The amputee data is deliberately not placed in the order of amputees seen in table 3.1, to prevent matching of

data and subjects. The black dashed line represents initial swing of the IL, the black solid line initial contact of the

IL and the red dashed line initial swing of the PL. (PL = prosthetic limb, IL = intact limb).
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Table 3.2: Gait phase durations

Phase Controls value (SD) Amputees value (SD) Statistical note

Stride duration 1256ms (72) 1468ms (307) Not significant

Total stance (M)PL 61% (2) 55% (9) P = 0.010

Total stance (M)IL 60% (3) 71% (6) P = 0.008

Swing (M)PL 39% (2) 45% (3) P = 0.010

Swing (M)IL 40% (3) 29% (3) P = 0.008

DLS (M)PL 11% (1) 20% (9) P = 0.045

DLS (M)IL 10% (3) 7% (3) Not significant

Abbreviations: C: controls; A: amputees; (M)IL: (mimicked) intact limb; (M)PL:

(mimicked) prosthetic limb; SLS: single limb support; DLS: double limb support

RESULTS

Spatiotemporal data

In Table 3.2 the average duration of a stride and the different gait phases in percentages of

a stride are presented. A shift of all phases can be seen for amputees, Figure 3.5. For am-

putees the relative duration of the stance phase of intact limb, the prosthetic swing phase

and the (first) double support phase before the prosthetic single stance phase are signif-

icantly increased compared to controls. The (second) double support phase of amputees

before the prosthetic swing phase, is shortened but not statistically significant. Compared

to the total stance phase, this “second” double stance phase is equal for both controls and

amputees (15%). No differences were found between TFA and TKA, nor between mechanical

and micro-processor-controlled (MPC) knees.

Kinematic data

Table 3.3 shows the movements in degrees around the hip and knee the movement patterns

around the hip and knee joints. Hip adduction and abduction are significantly reduced

in amputees compared to controls. Knee flexion during stance as well as swing is also

significantly reduced in amputees. No differences were found between TFA and TKA, nor

were they found between mechanical and MPC knees.

EMG data

In Figure 3.1 a sample trial of EMG measured inside (upper leg) and outside (lower leg)

the socket are provided of one subject. Both EMG measured inside and outside the socket

shows to be of similar quality, without motion artifacts. 24 complete steps were measured

in each subject, per subject at least 20 steps were included in the analysis. No steps were

excluded from the controls. From the amputee data four subjects showed motion artifacts

(see example in Figure 3.2) in maximally three trials in one or more muscles. In one other

amputee four trials were excluded due to missing footswitch data. Figures 3.3 and 3.4 show
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Figure 3.5: Gait phases.

Gait phases for controls and amputees, as percentages of one full stride. In black the swing phase, in light grey the

stance phase and in dark gray the double support phases. The whiskers represent one SD.

the ensemble averages of each of the controls and amputees respectively. Figure 3.6 shows

the timings of the upper leg muscles of the (mimicked) prosthetic limb for amputees and

controls as percentages of the stance and swing phases of the (mimicked) prosthetic limb.

Data of the lower leg muscles are from the contralateral limb.

Stance phase

During the (prosthetic) stance phase, the GMa of the amputee group is active for a longer

period after initial contact. All other upper leg muscles are active for a similar or shorter

period. In the amputee group, some muscles, become active a second time during stance;

the TFL, VL, BF, ST and Add. In the controls this second phase of activity during stance for

these muscles is not seen. The first period of activity shown for the RF is probably crosstalk

by the VL.131,132 The RF becomes active just before terminal stance in controls, but shows

no activity in this phase in the amputee group.

During the stance phase of the intact limb, activity of the GaM starts around the same

time in controls and amputees, Sol activity of amputees starts a little earlier. The activity of

the TiA in amputees continues longer during the stance phase of the intact limb, compared

to controls. No significant differences were found between the activation patterns of the

stance phase between controls and amputees.
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Figure 3.6: Overview muscle activity.

The average muscle activity of all muscles, for controls and amputees, as a percentage of the (mimicked) prosthetic

stance and swing phase. In dark grey the muscle is “on”, in white it is “off” and in hatched white periods of

possible cross-talk. For the stance phase 0% is IC of the (mimicked) prosthetic limb and 100% is initial swing of the

(mimicked) prosthetic limb. The end of the first double stance phase (DLS PL) before (mimicked) prosthetic stance

(PL), of controls and amputees are indicated. The start of the second double limb support (DLS IL) is also indicated,

which is equal for controls and amputees. For the swing phase, 0% is initial swing of the (mimicked) prosthetic

limb and 100% is IC of the (mimicked) prosthetic limb. The whiskers show the standard error of the mean (SEM).

All upper leg muscles are measured at the (mimicked) prosthetic limb and all lower leg muscles at the contralateral

(mimicked) intact limb. Lower leg activity is scaled similarly, but to the phases of the intact leg. Hereby part of the

stance phase (the DLS PL) is placed at the left hand side of the figure.
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Table 3.3: Joint angles of the hip and knee

Controls Amputees Statistical note

Variables Average (SD) Range Average (SD) Range

Max Hip flexion 28°(5) 19°–37° 26°(12) 15°–43° Not significant

Max Hip extension 13°(5) 6°–20° 15°(8) 2°–25° Not significant

Max Hip adduction 9°(1) 8°–10° 6°(2) 3°–9° P = 0.006

Max Hip abduction 11°(2) 9°–14° 7°(3) 3°–11° P = 0.002

Max Hip abduction 11°(2) 9°–14° 7°(3) 3°–11° P = 0.002

Max Knee flexion stance 13°(4) 8°–18° 4°(3) 0°–6° P = 0.006

Max Knee flexion swing 57°(6) 47°–68° 42°(13) 22°–55° P = 0.029

Abbreviations: C: controls; A: amputees

Swing phase

The differences in muscle activity during the swing phase are larger than for the stance

phase. The GMe and GMa of the amputees become active in the second half of the swing

phase, whereas in the controls they become active at the end of the swing phase. This in-

creased duration of activation is also seen for the RF, the VL and the BF. The TFL is also active

at the transition from stance to swing, and has a later “second” activity onset at the end of

the swing phase. The Add is active in amputees before initial swing and at the beginning of

the swing phase, which is not the case in controls.

TiA activity during the swing phase of the intact limb starts later in amputees compared

to controls. No differences are seen in GaM activity during the swing phase of the intact

limb, but the Sol of the amputees shows activity during the first part of the swing phase,

where controls do not show this activity. No significant differences were found between the

activation patterns of the swing phase of controls and amputees.

Variability

The overall inter-subject variability of the EMG data of amputees is significantly lower (P =

0.011) than that of controls (figure 3.7). The variability per muscle however is in none of

the muscles significantly different. The mean VR of controls ranged from 0.30 to 0.48, for

amputees this range was 0.47 to 0.64. The SEM of the EMG data is around 3% of the stance

and swing phase for controls, for amputees this is a little higher, around 4% of the stance

and swing phase with some outliers at 12-14%.

DISCUSSION

Kinematic and spatio-temporal data

The kinematic data showed that the stance phase duration of the intact limb increases and

the prosthetic swing phase duration also increases in amputees. This coincides with the gen-
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Figure 3.7: The variance ratios of all muscles of controls and amputees. Whiskers give one SD.

eral concept that amputees tend to stand longer on their intact limb than on their prosthetic

limb, which has also been found in other studies.10,119 Knee flexion during initial stance dif-

fers. Controls show a knee flexion of up to 18°, in amputees this is only 4° even though

all amputees had a prosthetic knee which allows knee flexion during stance. This lack of

knee flexion might indicate that amputees are not comfortable using knee flexion during

initial stance of the prosthetic limb, which may be caused by a lack of trust or experience in

using the MPC knee to the full potential. Hip adduction and abduction are also reduced in

amputees, which was also reported by Jaegers et al. 10 The reduction in hip adduction has

most likely only a small effect on the walking pattern, as it is only a few degrees less than in

controls. During normal single limb stance a small amount of adduction is seen, to ensure

that the center of mass does not have to move laterally to keep it above the supporting

surface. However when amputees are in prosthetic single limb support they will not bring

their CoM above their support surface, but keep it more medially. This can be explained

by the fact that in the frontal plane they have little opportunity to correct themselves, too

much lateral motion will cause a fall. This reduces the need for adduction in stance. The

reduced abduction may change the walking pattern of amputees. Hip abduction is used to

“shorten” the leg to ease foot clearance during the transition from the stance to the swing

phase. However TFA generally find it more difficult to perform hip abduction, which makes

foot clearance more difficult. The reduction in hip abduction may create the need for more

adaptations from the intact limb, for instance increased plantar flexion during single intact

limb support (vaulting).

EMG

The differences found in muscle activity between prosthetic users and controls are mainly

present in the (pre)swing phase. Muscle activity of controls resembles hat of previous stud-

ies, although muscles show activity for a longer period of time.3,133 This may be due to

the onset detection method, but the exact methods used in the previous studies were not

described. Therefore it is hard to find a clear explanation for this discrepancy. Visual com-
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parison of raw and filtered EMG data showed comparable EMG quality between controls

and amputees.

Stance phase

When the gait stance and swing phases are compared separately, muscles in amputees do

not seem to be active for much longer than in controls. At the end of the stance phase a

period of activity is seen in most of the upper leg muscles, starting around the beginning

of the second double support phase. This may be the mechanism by amputees to increase

socket fitting at the end of the stance phase, to prepare for lifting of the prosthesis in the

swing phase.122 Lower leg muscles of the contralateral side show a prolonged activity during

stance. This increased activity could be used to ease foot clearance, ankle plantar flexion

of the intact limb is used to virtually lengthen the intact limb. The prolonged activity can

also be explained by the increased push-off needed from the intact limb, to propel the body

forwards, to compensate for the lack of push-off on the prosthetic side. This coincides with

the kinetic data, which showed increased work at the hip and plantar flexors of the intact

limb.16,48,120

Swing phase

Some of the upper leg muscles of the amputees, the BF and the VL, remain active for almost

the complete swing phase. The other muscles all become active again at the end of the

swing phase to prepare for initial contact. These muscles show an earlier activity onset than

in controls, which may be explained by the walking strategy of amputees. Many amputees

try to fully extend the knee to ensure it is locked at the end of the swing phase which is also

confirmed by the reduced knee flexion during initial stance.

Our results resemble the results presented by Jaegers et al.,2 as far as they can be com-

pared. They only showed muscle activity for the complete gait cycle and no exact onset

timings were calculated. They also reported activity before initial swing and found differ-

ences between subjects with an amputation in the proximal or distal half of the upper leg. 2

In the current study all amputees were amputated at the distal half of the upper leg. In

some muscles the activity is slightly longer or shorter compared to Jaegers et al. 2 This can

be due to the separated stance and swing phases in the current study and due to different

approaches in detection times.

TFA showed a different activation pattern in some phases of the gait cycle, which shows

that they adapt to their new prosthetic situation. Although the results show that consistent

muscle activity can be measured inside the socket of TFA, the usability for prosthetic control

is questionable. Variability between the amputees is higher, although patterns within the

amputees are consistent. Although muscle activity patterns can change due to the disturbed

anatomy by the amputation and by use of the prosthesis, training may allow TFA to learn

new walking patterns which in turn may need adaptations in the muscle activity patterns to

control a prosthesis.121
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Variability

The overall inter-subject variability of the EMG data from the amputees was significantly

higher than that from controls. VRs per muscle were however for none of the muscles

significantly different. Granata et al. 134 reported VRs in healthy adults between 0.17 and

0.27, although they can go up to 0.76 in healthy adults.135 The main reason for a higher VR

in amputees (up to 0.64) is most likely the lower walking speed. 136

Many of the muscles in the upper leg of the amputees are cleaved. The electrodes were

placed and tested for activity according to the SENIAM standards. However, due to the am-

putation some muscles may have a different location and the location of the electrodes may

not have been ideal. Rotations in the socket may also affect the position of the electrodes

with respect to the muscle. Poor socket fitting will affect the repeatability of the signal, this

will induce more noise and the prosthetic usermay show more muscle activity to properly

control or fit the prosthesis. One subject complained of non-optimal socket fitting as it was

too large. This subject had a higher VR. None of the subjects complained about the EMG

electrodes, they did not seem to effect the socket fitting. However, this does not explain the

increased VR in the lower leg muscles of the contralateral limb and the hip muscles. This

might indicate that the walking pattern of amputees is less consistent than that of controls.

The standard deviations within amputees for spatio-temporal and kinematic data were also

larger than in controls.

Methodological considerations

The amputees were a mixed group. No inclusion criteria for type of amputation or time

since amputation were added. The average age (52.3) was larger than that of the controls

(23). Previous studies have shown that aging may affect the spinal cord activity, walking

speed and cause a higher spread in muscle activation.133,137 Also three prosthetic users

were only prosthetic users for 5-6 month, of whom the EMG pattern may still change over

time. Two of them were the elderly subjects with vascular diseases. One of these subjects

also walked with a walking aid, which may also effect the muscle activity, 138 both subjects

had higher VRs. Nevertheless, even with the large variability in the group, no large devia-

tions were seen in the EMG patterns of these subjects.

A more homogeneous and larger group of amputees with similar prosthesismay reduce

the variability between the subjects. We did not find any obvious differences between the

different knees, but this may also be caused by the low number of amputees. Including

amputees with a short residual limb as Jaegers et al. 2,10 did, can be an interesting addition.

Measurements were performed inside the socket of the amputees. The residual limbsocket

interface may have lead to increased motion artifacts, compared to using an experimental

socket with build in EMG sensors. Data were checked for these artifacts. It occurred only

occasionally during initial contact or initial swing that these artifacts were not removed by

filtering. Trials with motion artifacts were removed, but this still allowed at least 20 steps to

be included per subject. No motion artifacts were found in controls. Although we measured
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EMG inside the socket with reasonable quality, we did not test the reliability and validity

compared to EMG measured using an experimental socket. We placed electrodes and per-

formed EMG measurements according to the SENIAM standards, which are based on normal

anatomy. No information on actual muscle locations were available, for instance from MRI.

After electrode placement muscle activity was checked using selective muscle contraction.

Only occasionally electrodes needed to be replaced, for a better location with respect to the

muscle belly, but never more than 2-4 cm from the original placement. Therefore normal

anatomy was assumed in amputees, with respect to cross-talk. Surface EMG was used for

ease of electrode placement and comfort to the patient. Intramuscular EMG may have given

less crosstalk and possibly more information on specific muscle activity, but it is impossible

to use in the own socket of the amputees and very uncomfortable to the patient.

CONCLUSION

In amputees the double support phase before the prosthetic stance phase increases signif-

icantly and the prosthetic swing phase shortens. EMG patterns mainly differ at the end of

the stance phase and in the swing phase. These changes can explain the changes in walk-

ing strategy, but are likely also required to improve socket fitting. In this study EMG was

measured inside the socket of amputees, and the data showed to be of comparable quality

compared to that of controls. Variance within each amputee is higher than in controls, but

variability in the kinematic data between the amputees is also higher. The increased vari-

ance may mainly be caused by the variability in walking pattern and cleavage of muscles.
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ABSTRACT

Previously conducted trials comparing the gait pattern of individuals with a transfemoral

amputation using a user-adaptive and a non-microprocessor-controlled prosthetic knee

(NMPK) found mixed and conflicting results. Few trials, however, have compared user-

adaptive to non-adaptive prosthetic knees across different walking speeds. Because of the

ability of variable damping, the effect of user-adaptive knees might be more pronounced at

lower or higher walking speeds. Our aim was to compare the Rheo Knee II (a user-adaptive

prosthetic knee) with NMPKs across varying walking speeds. In addition, we studied com-

pensatory mechanisms associated with non-optimal prosthetic knee kinematics, such as in-

tact ankle vaulting and vertical acceleration of the pelvis. Nine persons with a transfemoral

amputation or knee disarticulation were included and measured with their own NMPK and

with the Rheo Knee II. Measurements were performed at three walking speeds: preferred

walking speed, 70% preferred walking speed and 115% preferred walking speed. No dif-

ferences on peak prosthetic knee flexion during swing were found between prosthetic knee

conditions. In addition, prosthetic knee flexion increased significantly with walking speed

for both prosthetic knee conditions. At 70% preferred walking speed we found that vaulting

of the intact ankle was significantly decreased while walking with the Rheo Knee II compared

to the NMPK condition (P = 0.028). We did not find differences in peak vertical acceleration

of the pelvis during initial and mid-swing of the prosthetic leg. In conclusion, comparison

of walking with the Rheo Knee II to walking with a NMPK across different walking speeds

showed limited differences in studied gait parameters.
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INTRODUCTION

INTRODUCTION

Developments in prosthetic knee design have led to the introduction of microprocessor-

controlled prosthetic knees (MPKs), such as the Rheo Knee or C-Leg. MPKs should, in con-

trast to non-microprocessor-controlled prosthetic knees (NMPKs), allow early stance pros-

thetic knee flexion, ideal prosthetic knee kinematics during swing, and the ability to react to

changes in walking speed.7,20

It is proposed that MPKs are beneficial for individuals with an amputation. Sawers and

Hafner critically appraised the existing literature focusing on this proposition. 22 They found

four trials11,12,25,26 reporting an increase in preferred walking speed while using the MPK

compared to a NMPK. They also found that comparison of other spatiotemporal variables

were either inconsistent or not significant. Finally they found that the comparison of kine-

matic variables of walking with MPKs and NMPKs show “mixed and conflicting results”.

The above-presented findings show no decisive evidence for an added value of MPKs

on gait mechanics. One of the factors contributing to this might be that the majority of

studies compared MPKs and NMPKs at preferred walking speed. As MPKs should be able to

adapt to different walking speeds and NMPKs have restricted adaptive damping possibilities,

differences between MPKs and NMPKs could be more pronounced at lower and/or higher

walking speeds. This could be of importance as community ambulation requires walking at

different speeds.

The available literature comparing MPKs and NMPKs across different walking speeds

found no differences on spatiotemporal variables.28,31,139 We are aware of one study com-

paring prosthetic knee kinematics of walking with the Rheo Knee with walking with a NMPK.

They found that in two out of four subjects peak prosthetic knee flexion during swing while

walking with the Rheo Knee remained around 70 degrees (set target of the Rheo Knee dur-

ing these measurements) irrespective of walking speed.7 Contrastingly, knee flexion while

walking with the NMPK increased with walking speed.7 In the other subjects this was not

visible, as they did not reach 70 degrees of prosthetic knee flexion during swing.7

Having more optimal prosthetic knee kinematics during swing can be beneficial for indi-

viduals with an amputation. Having too little prosthetic knee flexion might lead to problems

with prosthetic foot clearance which, in turn, might lead to an premature ankle plantar flex-

ion of the intact leg during mid-stance (vaulting) to assist with prosthetic foot clearance. 19

Having too much prosthetic knee flexion during swing might also be undesirable, as the

prosthetic knee has to be extended at the beginning of the stance phase. A larger peak pros-

thetic knee flexion during swing means that a larger movement trajectory has to be com-

pleted. The mechanism by which the prosthetic knee is extended during swing is not well

studied, but in children without an amputation velocity-related forces and muscle activity

of predominantly the stance leg have been described.140 During early and mid-stance, the

hip abductors and extensors of the stance leg move the pelvis center of mass upwards.140

This movement creates an external knee extension moment.140 During slow walking stance
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limb muscle activity has shown to be the main contributor to knee extension during swing,

while at faster walking the velocity-related forces are dominant. 141 Whether these mech-

anisms are seen in individuals with an amputation and whether they are influenced by a

user-adaptive prosthetic knee is unknown.

The aim of this study is to compare walking with a NMPK to walking with the Rheo

Knee II across different walking speeds. We hypothesized an increased preferred walking

speed while walking with the Rheo Knee II. In addition, we hypothesized comparable peak

prosthetic knee flexion during swing across all walking speeds while walking with the Rheo

Knee II, while peak prosthetic knee flexion during swing would increase with walking speed

in the NMPK condition. Finally, we hypothesized a reduced vaulting of the intact leg at lower

walking speeds and reduced vertical pelvic acceleration during initial swing of the prosthetic

leg while walking with the Rheo Knee II when compared to the use of a NMPK. To contribute

to the existing body of knowledge, we also analyzed spatiotemporal and kinematic variables

reported in existing literature.

METHODS

Subjects

For this randomized cross-over trial we recruited persons with a transfemoral amputation

or knee disarticulation from the Netherlands and Belgium. The inclusion criteria were: (1) at

least one year post amputation, (2) functional level from K2 (limited outdoor) or higher, 142

and (3) never previously fitted with a microprocessor-controlled knee. Exclusion criteria

were: (1) other musculoskeletal problems influencing walking ability, (2) stump problems

/ poor socket fitting, (3) body weight >125 Kg (maximum specification weight for the Rheo

Knee II), and (4) knee center-floor distance below 41 cm.

The Ethical Research Committee Twente, Enschede, the Netherlands approved the study

protocol (NL 30112.044.09). All subjects provided written informed consent before the start

of the measurements.

Prosthetic adjustments

We randomly assigned the subjects to start measurements with their own non-micropro-

cessor-controlled prosthetic knee or with the Rheo Knee II. In both prosthetic knee condi-

tions, the low-profile Vari-Flex® with EVO™ prosthetic foot (Össur) was provided. After eight

weeks of acclimatization the first set of measurements was performed after which subjects

crossed over to the other prosthetic condition. After another eight weeks, the second set of

measurements was performed and subjects left the research study. Full details regarding

the process of prosthetic adjustments have been published before.143 Participants did not

undergo a gait training program while walking with the Rheo Knee II or their own NMPK to

make the comparison as little affected by gait training factors as possible.
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METHODS

Protocol

Data were collected using the CAREN system (Motek Forcelink BV, Amsterdam, the Nether-

lands) at the Center for Augmented Learning and Training of the National Military Rehabilita-

tion Center Aardenburg in Doorn, the Netherlands. This system consists of an instrumented

single-belt treadmill and a twelve infrared-camera Vicon motion capture system (Oxford

Metrics Ltd., Oxford, UK).

We used the modified Helen-Hayes marker set, including 37 reflective markers, which

were placed according to the Vicon full-body Plug-in-Gait model. In addition, we placed

two markers on the rope connecting the safety harness to an overhead frame. During a

preliminary trial, we asked subjects to place their full bodyweight on the safety harness.

The distance between the two markers in this condition was used in the data-analysis to

check if subjects made use of the safety harness. The sample rate of the Vicon system was

set at 100 samples per second.

Trials were performed at preferred walking speed, preferred walking speed +15%, and

preferred walking speed -30%. The treadmill speed was fixed. We determined preferred

walking speed during a familiarization trial.

The collected data were processed using Vicon Nexus 1.8 (Oxford Metrics Ltd., Oxford,

UK). Initial contacts and toe-off were determined visually. Initial contact was defined as

the moment the foot segment started to make a movement towards plantar flexion. The

moment of toe-off was defined as the moment both the heel and toe marker trajectories

changed from a backward to a forward movement. We loaded the processed data into

customized Matlab 2010b software (The MathWorks, Inc, Natick, USA) for further analysis.

We filtered the kinematic data using a zero-phase shift 2 ! order Butterworth filter with a

cut-off frequency of 10 Hz, meaning that the data were filtered twice with a 2 ! order filter.

We selected 15 representative strides from the kinematic data. We resampled the kinematic

data of each stride to 101 data points (0-100% of stride cycle) to allow averaging over strides.

Outcome measures

We determined peak prosthetic knee flexion during swing. In addition, we calculated the

amount of vaulting during the mid-stance of the intact leg. To do so, we subtracted the

vertical position of the ankle joint center during the static calibration trial from the vertical

position of the ankle joint center at the midpoint of the stance phase. Finally, we calculated

the peak vertical acceleration of the pelvis during initial swing and mid swing of both the

prosthetic and intact leg. To do so, we differentiated the position of the pelvic joint center,

provided by the Vicon nexus software, twice in time intervals of 0.1 seconds.

Besides these outcome measures we calculated spatiotemporal and kinematic variables

that have been previously reported in comparable trials to contribute to the existing body

of knowledge. These include step length, the duration of the different gait phases (i.e. first

double limb support, single limb stance, second double support, swing phase), knee yield-

ing, defined as the difference between maximal knee flexion during early stance and knee
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Table 4.1: Descriptive variables participants

Variables Persons with an amputation (n = 10)

Age (years) 55 (23 - 67)

Sex (male/female) 5/4

Height (cm) 175 (158 - 189)

Weight (Kg) 72.1 (54.6 - 98.4)

Time since amputation (years) 34 (1 - 41)

Reason for amputation Trauma (6), Infection (2), Osteosarcome (1)

Functional level K2 (1), K3 (5), K4 (3)

Stump length (cm) 40 (32 - 60)

Non-microprocessor-controlled prosthetic knees 3R60 (4), 3R80 (1), Mauch SNS (1), Graph

Lite (1), CaTech (1)

Age, height, weight, time since amputation, and stump length are presented as median

(range).

Sex, reason for amputation, functional level, and non-microprocessor-controlled

prosthetic knees are presented as counts

flexion at initial contact, and peak hip extension during stance.

Data analysis

Statistical analysis on the outcome variables were performed using IBM SPSS Statistics 22

software (IBM SPSS Statistics, Chicago, USA). All outcome variables were compared between

conditions using the Mann-Whitney U test. In the evaluation of the effect of walking speed,

each data point was used in two comparisons. To reduce the probability of a type II error

due to multiple testing, we used the modified Holms-Bonferroni correction in the data anal-

ysis focusing on the effect of walking speed. The alpha level for all statistical comparisons

was set to 0.05.

RESULTS

A total of 61 participants were contacted of which 52 were potentially eligible based on the

in- and exclusion criteria. Of these, 12 participants consented in participating. Three partic-

ipants dropped out before the first measurements: one was not able to satisfactorily adjust

to the Rheo Knee II, one because of stump problems, and one was not able to walk on a

treadmill. The remaining nine participants completed both measurements. Characteristics

of included participants are displayed in Table 4.1.

Preferred walking speed

Results of preferred walking speed are presented in Table 4.2. There was no significant

difference in preferred walking speed between the Rheo Knee II and the NMPK condition.
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RESULTS

Prosthetic knee flexion in swing

The results of the comparison of the NMPK and Rheo Knee II condition within a walking

speed condition are shown in Table 4.2, Figure 4.1, and Figure 4.2. The results of the com-

parison of the different walking speed conditions within a prosthetic knee condition are

displayed in Table 4.3.

There were no statistically significant differences in peak prosthetic knee flexion during

swing while walking with the Rheo Knee II and the NMPK within a walking speed condition.

When looking at the influence of walking speed, we found that in both the Rheo Knee II

and NMPK condition peak prosthetic knee flexion during swing increased significantly with

walking speed.

Vaulting and peak vertical acceleration of pelvic center of mass (CoM)

in swing

Results are presented in Table 4.2, Table 4.3, and Table 4.4.

We found that vaulting was significantly reduced while walking with the Rheo Knee II

when compared to walking with the NMPK at 70% preferred walking speed. In the other

two walking speeds conditions no differences were found between both prosthetic knee

conditions. Walking speed had no significant influence on the amount of vaulting in both

prosthetic knee conditions.

The peak vertical acceleration of the pelvic CoM during initial and mid-swing of the pros-

thetic leg was not significantly different between the Rheo Knee II and the NMPK condition

in any of the walking speed conditions. Comparison of the peak vertical pelvic CoM accelera-

tion during the swing phase of the prosthetic and intact leg within a prosthetic knee showed

one significant difference. In the Rheo Knee II condition a significantly higher peak vertical

acceleration during the swing phase of the prosthetic leg at 70% preferred walking speed

was found when compared to the swing phase of the intact leg. For the NMPK condition, the

same comparison was on the borderline of significance. We found that for both the Rheo

Knee II and the NMPK peak acceleration of the pelvic center of mass significantly increased

with walking speed. This was seen for both the prosthetic and intact leg. The only exception

to this was the comparison of the intact leg at preferred walking speed and 115% preferred

walking speed in the Rheo Knee II condition.

Previously reported outcome measures

For the results of the comparisons on the other outcome variables, see Table 4.2, 4.3, and

4.4. On previously reported outcome parameters no differences were found between the

Rheo Knee II and the NMPK condition across all walking speeds. Walking speed had a sig-

nificant influence on almost all outcome parameters for both prosthetic knee conditions.
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CHAPTER 4: Influence of a user-adaptive prosthetic knee across walking speeds

Figure 4.1: Influence of walking speed on knee kinematics.

This figure shows the median knee kinematics of both prosthetic knee conditions at the different walking speeds.

The data of the Rheo Knee II condition are shown as a solid black line, the data of the non-microprocessor-

controlled prosthetic knee are shown as a solid grey line. Abbreviation: PWS: preferred walking speed.
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Figure 4.2: Graphical representation of the duration of the different gait phases.

The bars show the median values, the error bar depicts the interquartile range. * Denotes a statistical significant

difference (P = 0.008). Abbreviation: PWS: preferred walking speed

.
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CHAPTER 4: Influence of a user-adaptive prosthetic knee across walking speeds

Table 4.3: Influence of walking speed on the prosthetic leg

Non-microprocessor-controlled prosthetic knee

70% PWS vs PWS 70% PWS vs 115%PWS PWS vs 115%PWS

Variables Median difference P Median difference P Median difference P

Step length (cm) −0.06 [-0.89,-0.01] 0.021 −0.10 [-0.14,-0.08] 0.024 −0.05 [-0.07,-0.03] 0.016

First DLS (% GC) 2.29 [1.45,4.03] 0.028 4.07 [3.26,5.11] 0.016 1.65 [0.52,2.33] 0.024

SLS (% GC) −2.20 [-3.16,-1.13] 0.024 −3.32 [-4.25,-2.10] 0.016 −0.86 [-1.63,-0.31] 0.021

Second DSP (% GC) 0.71 [-0.76,0.99] 0.441 2.07 [0.86,2.17] 0.022 1.30 [0.80,1.69] 0.024

Swing (% GC) −1.58 [-2.41,0.77] 0.260 −3.30 [-3.45,-2.18] 0.008 −1.73 [-2.84,-1.13] 0.016

Peak vertical pelvic CoM

acc. initial swing (m/s2)

−0.65 [-0.80,-0.47] 0.024 −0.95 [-1.35,-0.68] 0.016 −0.26 [-0.44,-0.07] 0.011

Knee Yielding (degrees) 0.00 [-0.30,0.08] 1.000 0.00 [-0.63,0.11] 0.686 0.00 [-0.08,0.01] 1.000

Peak knee flexion swing

(degrees)

−4.94 [-12.48,-2.95] 0.024 −10.78 [-18.91,-3.55] 0.022 −5.34 [-7.52,-0.60] 0.011

Peak hip extension stance

(degrees)

1.26 [0.32,2.18] 0.030 1.58 [0.81,3.21] 0.033 0.70 [-0.12,1.35] 0.048

Rheo Knee II

70% PWS vs PWS 70% PWS vs 115%PWS PWS vs 115%PWS

Variables Median difference P Median difference P Median difference P

Step length (cm) −0.05 [-0.08,-0.04] 0.008 −0.08 [-0.13,-0.06] 0.016 −0.03 [-0.05,-0.03] 0.024

First DLS (% GC) 3.64 [1.68,5.28] 0.024 5.35 [3.65,6.54] 0.016 1.68 [1.03,2.01] 0.008

SLS (% GC) −3.15 [-3.89,-2.07] 0.024 −4.44 [-5.30,-3.47] 0.016 −1.35 [-1.83,-0.77] 0.008

Second DSP (% GC) 1.36 [0.04,3.02] 0.028 2.66 [1.53,3.56] 0.016 1.29 [0.55,2.27] 0.024

Swing (% GC) −1.43 [-3.46,-0.65] 0.016 −3.91 [-4.73,-2.30] 0.024 −1.65 [-2.60,-0.83] 0.008

Peak vertical pelvic CoM

acc. initial swing (m/s2)

−0.54 [-0.80,-0.40] 0.016 −1.01 [-1.27,-0.38] 0.024 −0.29 [-0.62,0.01] 0.038

Knee Yielding (degrees) 0.00 [-0.47,0.35] 0.753 0.00 [-0.59,0.40] 1.000 0.00 [-0.26,0.06] 1.000

Peak knee flexion swing

(degrees)

−5.43 [-10.33,-1.05] 0.021 −8.85 [-11.58,-3.42] 0.022 −2.72 [-3.47,-1.02] 0.024

Peak hip extension stance

(degrees)

0.45 [-0.58,3.06] 0.260 1.10 [0.61,3.71] 0.024 1.09 [0.63,1.37] 0.022

All data are presented as median [interquartile range].

Abbreviations: PWS: preferred walking speed; DLS: double limb support; GC: gait cycle; SLS: single limb

support; CoM: center of mass; acc: acceleration.
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Table 4.4: Influence of walking speed on the intact leg

Non-microprocessor-controlled prosthetic knee

70% PWS vs PWS 70% PWS vs 115%PWS PWS vs 115%PWS

Variables Median difference P Median difference P Median difference P

Step length (cm) −0.05 [-0.09,-0.04] 0.016 −0.09 [-0.12,-0.16] 0.024 −0.04 [-0.06,-0.03] 0.011

First DLS (% GC) 0.29 [-0.70,1.29] 0.441 1.88 [0.98,2.43] 0.022 1.41 [0.83,1.68] 0.016

SLS (% GC) −1.03 [-1.96,-0.09] 0.066 −2.78 [-3.19,-2.29] 0.016 −1.76 [-2.40,-1.19] 0.024

Second DSP (% GC) 2.51 [1.92,3.52] 0.011 4.36 [3.49,4.78] 0.024 1.54 [0.52,2.37] 0.016

Swing (% GC) −2.20 [-2.85,-1.24] 0.024 −3.27 [-3.86,-2.25] 0.016 −0.96 [-1.77,0.38] 0.015

Vaulting (mm) −1.50 [-11.47,0.00] 0.086 −2.05 [-14.95,-0.11] 0.075 −0.41 [-2.12,0.15] 0.093

Peak vertical pelvic CoM

acc. initial swing (m/s2)

−0.62 [-0.91,-0.51] 0.008 −1.00 [-1.12,-0.85] 0.024 −0.30 [-0.47,-0.19] 0.008

Knee Yielding (degrees) −2.13 [-4.33,-0.37] 0.045 −2.13 [-5.57,-0.82] 0.102 −0.93 [-1.41,0.00] 0.345

Peak knee flexion swing

(degrees)

−4.15 [-5.67,-1.06] 0.024 −4.54 [-7.06,-2.64] 0.022 −0.64 [-1.82,-0.15] 0.028

Peak hip extension stance

(degrees)

0.34 [-1.10,2.33] 0.314 3.19 [0.50,3.87] 0.042 1.20 [0.46,2.99] 0.033

Rheo Knee II

70% PWS vs PWS 70% PWS vs 115%PWS PWS vs 115%PWS

Variables Median difference P Median difference P Median difference P

Step length (cm) −0.05 [-0.08,-0.04] 0.016 −0.10 [-0.11,-0.08] 0.024 −0.05 [-0.05,-0.02] 0.008

First DLS (% GC) 1.40 [-0.10,2.51] 0.051 2.75 [1.35,3.30] 0.024 1.16 [0.59,2.08] 0.016

SLS (% GC) −1.26 [-2.72,0.20] 0.051 −3.47 [-4.00,-2.11] 0.016 −1.73 [-2.58,-1.04] 0.024

Second DSP (% GC) 3.31 [1.64,4.46] 0.024 4.81 [3.76,6.07] 0.008 1.93 [1.48,2.44] 0.016

Swing (% GC) −3.35 [-10.55,3.17] 0.260 −4.62 [-5.61,-3.38] 0.024 0.50 [-3.89,2.03] 0.678

Vaulting (mm) 0.27 [-1.95,1.76] 0.086 −0.59 [-7.86,-0.10] 0.054 −0.21 [-2.56,0.00] 0.063

Peak vertical pelvic CoM

acc. initial swing (m/s2)

−0.68 [-0.78,-0.48] 0.016 −0.89 [-1.09,-0.61] 0.024 −0.29 [-0.41,0.06] 0.086

Knee Yielding (degrees) −2.24 [-3.83,-0.52] 0.022 −3.06 [-4.86,-0.81] 0.084 −1.18 [-1.80,0.12] 0.278

Peak knee flexion swing

(degrees)

−4.75 [-5.62,-1.70] 0.024 −3.96 [-6.91,-2.28] 0.016 −0.91 [-2.33,0.48] 0.314

Peak hip extension stance

(degrees)

0.79 [-0.57,2.53] 0.173 2.48 [1.62,3.19] 0.033 1.58 [0.36,1.94] 0.022

All data are presented as median [interquartile range].

Abbreviations: PWS: preferred walking speed; DLS: double limb support; GC: gait cycle; SLS: single limb

support; CoM: center of mass; acc: acceleration.
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CHAPTER 4: Influence of a user-adaptive prosthetic knee across walking speeds

DISCUSSION

The aim of this study was to compare the use of a NMPK to the use of the Rheo Knee II

across different walking speeds. The comparison of the NMPK and Rheo Knee II showed

limited differences in gait parameters across all three evaluated walking speeds.

We hypothesized that patients would adopt a higher preferred walking speed while walk-

ing with Rheo Knee II when compared to the NMPK. Our results disproved this hypoth-

esis: we did not find a difference in preferred walking speed between the Rheo Knee II

and NMPK condition. Differences in preferred walking speed between user-adaptive pros-

thetic knees and NMPKs have both been found to be significant (increased in user-adaptive

knees)12,25,26,144 and non-significant.11,139 The reason for this ambiguity in results is unclear,

but possible explanations include difference in study population, duration of acclimatiza-

tion period and the presence/absence of a training protocol to get used to the user-adaptive

prosthetic knee.

We further hypothesized that peak prosthetic knee flexion during swing while walking

with the Rheo Knee II would be comparable in the three walking speed conditions, while

prosthetic knee flexion would increase with walking speed while walking with the NMPK.

Although this pattern was visible in our results (see Figure 4.1), these differences were not

statistically significant within each of the walking speed conditions. In addition, when com-

paring peak prosthetic knee flexion during swing across walking speeds (see Table 4.3), we

observed that prosthetic knee flexion significantly increased with walking speed in both

prosthetic knee conditions. We were, thus, not able to confirm our hypothesis in our study

population. One of the contributing factors might be that five subjects had a relatively low

peak prosthetic knee flexion (less than 45 degrees at preferred walking speed) during swing

while walking with the NMPK and three had a relatively high peak prosthetic knee flexion in

swing (more than 65 degrees at preferred walking speed). The subjects with a low peak pros-

thetic knee flexion increased their peak prosthetic knee flexion during swing while walking

with the Rheo Knee II, and the subjects with a high peak prosthetic knee flexion decreased

it. In the non-parametric statistical analysis, this lead to both positive and negative ranks

leading to non-significant differences. The same pattern was visible at the faster and slower

walking speeds.

We also looked at the compensatory movements of the intact leg, that might be associ-

ated with non-optimal prosthetic knee kinematics such as intact ankle vaulting and the peak

vertical acceleration of the pelvis. We found that at 70% preferred walking speed, vaulting

while walking with the Rheo Knee II was significantly decreased when compared to walking

with the NMPK. This could be due to the fact that peak prosthetic knee flexion during swing

was lower in the NMPK condition when compared to the Rheo Knee II condition (median

difference [IQR]: -7.86 [-17.26, 2.83]). This difference, however, was not significant. The re-

duced peak knee flexion during swing while walking with the NMPK might have led to foot

clearance problems, which may have increased vaulting of the intact leg to prevent toe drag
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of the prosthetic leg. We also looked at the peak vertical acceleration of the pelvic CoM

during the swing phase of the prosthetic leg and found no differences between prosthetic

knees across walking speeds. We chose to look into this variable, because research in typi-

cally developing children the upward movement of the pelvis and velocity-related forces are

the main contributors to the knee extension movement during swing.140 However, we do

not know if and how these findings are applicable on individuals with an amputation. This

means that these results are exploratory of nature and should be interpreted with caution.

Future research should elucidate the mechanism by which the prosthetic knee is extended

during swing and if, and to what extent, a user-adaptive prosthetic knee could influence this

mechanism.

Finally, we studied outcome parameters that have been reported in existing literature.

We found no significant differences in these outcome parameters between prosthetic knees.

Figure 4.1 suggests that prosthetic knee flexion at initial contact was higher while walking

with the Rheo Knee II when compared to the NMPK condition. We, however, believe that this

is due to differences in alignment between prosthetic knees. As previously conducted trials

show mixed and conflicting results on spatiotemporal and kinematic variables, our results

are both in line and conflicting with previously conducted trials. If we look at knee yielding

for instance, both trials reporting no differences in knee yielding11,12,144 as an increase in

knee yielding7,29 are available (respectively 8 and 1 degrees).

We think that a number of confounding factors may have contributed to the limited dif-

ferences we found. At first, we had a small sample size, which affected statistical power

and thereby the ability to detect significant differences. However, if marked differences

between prosthetic knee conditions existed, these differences might have been identified.

In addition, we provided eight weeks of acclimatization to the Rheo Knee II. This may have

been too short for full acclimatization which might have affected the outcome of the stud-

ied variables. Thirdly, we chose to leave out a gait training because it is not common in

the Netherlands to receive a gait training program after prescription of a microprocessor-

controlled prosthetic knee. In addition, previous research has shown that gait re-education

can influence the studied outcome parameters, even without altering the prosthetic com-

ponents.71 This means that in a research setting a gait training program always should be

given to both prosthetic knee conditions which was practically not feasible due to the re-

quired time investment.

In conclusion, we found that walking with the Rheo Knee II lead to a reduced vaulting of

the intact leg when compared to the NMPK condition at 70% preferred walking speed. On

other gait parameters no differences were found.
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ABSTRACT

Advancements in prosthetic knee design have led to biologically inspired microprocessor-

controlled prosthetic knees. The added value of these devices has been extensively studied

in walking. However, trials into the activity pattern of persons with an amputation show that

the majority of ambulation activities are short in duration. This means that a high percent-

age of ambulatory activities involves the initiation of gait. Therefore the aim of this paper

is to study the added value of a user-adaptive prosthetic knee in gait initiation. Ten per-

sons with an amputation were included and measured with their own non-microprocessor-

controlled prosthetic knee and with the Rheo Knee II. In addition, a control group of ten

persons without an amputation were included. Measurements were performed using two

force plates and a six-camera Vicon system. The persons with an amputation started gait

alternately with their intact and prosthetic leg. The results indicated that persons with an

amputation heavily rely on the intact leg for the generation of propulsive forces. In addition,

the reduced role of the prosthetic leg led to a lower velocity of the centre of mass at the end

of the first step in persons with an amputation when compared to the control subjects. The

transition towards the Rheo Knee II had no effect on the studied outcome parameters. In

conclusion, there is no effect of the transition towards a user-adaptive prosthetic knee on

intact leg reliance seen during gait initiation.
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INTRODUCTION

INTRODUCTION

Advancements of prosthetic knee design have led to the introduction of microprocessor-

controlled adaptive prosthetic knees, such as the C-Leg and Rheo Knee II. Conventional non-

adaptive prosthetic knees are limited in adapting damping properties. In contrast, adaptive

prosthetic knees are capable of adapting the damping properties of the knee to, for in-

stance, walking speed. These prosthetic knees should allow early stance knee flexion, ideal

knee kinematics during swing and improved stance stability.7,20 The added value of adaptive

prosthetic knees has been studied on a number of different tasks, but the majority of these

trials studied level walking. However, a study into the activity pattern of persons with an

amputation showed that the majority of activity bouts were 1 or 2 minutes in length. 145 This

result indicates that a high percentage of ambulatory activity of persons with an amputation

involves initiating gait. However, the added value of a microprocessor-controlled adaptive

prosthetic knee during gait initiation has not been studied yet.

Previous research studying gait initiation in participants with an amputation has shown

reduced involvement of the prosthetic leg in the generation of the required propulsive

forces.146–151 There are multiple explanations for this finding. First of all, the majority of

prosthetic ankles lack active ankle function, which is needed for the posterior translation of

the centre of pressure (CoP).146,152 This impairs the mechanism by which propulsive forces

are usually generated during gait initiation: through a posterior shift of the CoP the cen-

tre of mass (CoM) starts moving forwards due to the force of gravity.153 In addition, ear-

lier conducted trials showed a reduced duration of the single prosthetic limb support in

the leading intact leg condition.146–149 Single limb support on the prosthetic leg is usually

reduced as much as possible because of limitations in balance control of the prosthetic

leg.11,31 Reduction in the duration of the single limb support means that a limited amount

of propulsive forces can be generated by the prosthetic leg. Finally, previous studies have

shown decreased decoupling of the CoM and CoP when gait is initiated with the prosthetic

leg.146–149 This could be explained by the fact that in this situation the leading prosthetic leg

must absorb the forces that are associated the CoM acceleration during the first step. Non-

microprocessor-controlled prosthetic knee have limitations in allowing early stance knee

flexion. A large decoupling of the CoM and CoP in the leading prosthetic leg condition

would increase the risk on knee buckling and consequently falls when walking with a non-

microprocessor-controlled prosthetic knee.

Because microprocessor-controlled adaptive prosthetic knees should increase stance

stability and allow early stance flexion, they could be of added value during gait initiation.

However, this has not been studied before. Therefore we aim to investigate the added value

of the Rheo Knee II on gait initiation. We hypothesized an increased decoupling of the CoM

and CoP by increasing the duration of the EXE phase in the leading intact leg. In addition, we

hypothesized a larger decoupling of the CoM and CoP in the leading prosthetic leg condition

by increased stance stability and early stance flexion of the prosthetic knee.
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CHAPTER 5: Added value of a user-adaptive prosthetic knee in gait initiation

METHODS

Subjects

For this study, participants with a transfemoral amputation were recruited from the Nether-

lands and Belgium. Inclusion criteria were: (1) at least one year post amputation, (2) func-

tional level ranging from K2 (limited outdoor) to K4 (active athlete), 142 and (3) never supplied

with a microprocessor-controlled prosthetic knee before. Exclusion criteria were: (1) other

musculoskeletal problems influencing walking ability, (2) stump problems or bad socket fit-

ting, (3) body weight exceeding 125 Kg (maximal tolerable weight of the Rheo Knee II), and

(4) knee center-floor distance below 41 cm (minimum height needed to fit the Rheo Knee

II). In addition, ten control subjects without an amputation were recruited. Controls were

eligible when they were free of musculoskeletal problems influencing walking ability. The

study protocol was approved by the Medical Ethical Research Committee Twente, Enschede,

the Netherlands and all subjects provided written informed consent.

Prosthetic adjustments

The persons with an amputation were randomly assigned to start the measurements with

their own non-microprocessor-controlled prosthetic knee or to start the measurements with

the Rheo Knee II. In both prosthetic knee conditions, the low-profile Vari-Flex® with EVO™

pros-thetic foot (Össur) was provided. After eight weeks of acclimatization the first set of

measurements was performed after which the subjects crossed over to the other prosthetic

knee condition. After another eight weeks, the second set of measurements was performed

and subjects left the study. Participants did not undergo a gait training program while walk-

ing with the Rheo Knee II. Our main consideration in leaving out a gait training program was

that we aimed to make the comparison as little affected by gait training factors as possible.

Measurement protocol

Kinematic and force plate data were collected using a six-camera Vicon motion capture

system (Oxford Metrics Ltd., Oxford, UK) and two AMTI force plates (Advanced Mechanical

Technology Incorporated, Watertown, MA, USA). Thirty-five reflective markers were placed

on anatomical landmarks according to the Vicon full-body Plug-in-Gait model. The marker

trajectories were recorded at a frequency of 100 Hz. Force plate data were recorded with a

frequency of 1000 Hz.

For the measurements, participants stood with a foot on a force plate each while looking

straight ahead. Foot placement was standardized using a mold. After an auditory signal was

given, participants started to walk. The persons with an amputation started alternately with

their prosthetic and intact leg. Control subjects could start trials with their preferred leg,

which was noted. The average scores of five trials were used in the analysis.

The collected data were processed using Vicon Nexus 1.8 and loaded into customized
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Matlab software (The MathWorks Inc, Natick, USA) for further analysis. We filtered data

using a zero-phase shift 2 ! order Butterworth filter with a cut-off frequency of 10 Hz.

Outcome measures

One of the most used outcome variables in previous trials studying gait initiation is the

horizontal decoupling of the CoM and CoP. However, this variable has limitations because

it does not take the CoM velocity into account.154 To incorporate CoM velocity, Hof et al. 155

introduced a new variable: the extrapolated CoM (XcoM). The XcoM is calculated by adding

the ratio of the CoM velocity and the eigen-frequency of the inverted pendulum to the CoM

position. See equation (5.1) in which XcoM is the XcoM position, CoM is the CoM position, g

is the gravitational constant, and l is the pendulum length.

XcoM = CoM +
˙CoM

ωn
, ωn =

√

g

l
(5.1)

Experiments showed that the maximal mediolateral distance between the XcoM and CoP,

while still maintaining balance, was smaller in amplitude when compared to maximal dis-

tance between CoM and CoP.155 These result indicate that the XcoM is a more conservative

variable to quantify mediolateral stability. We decided to calculate the horizontal decou-

pling (in anteroposterior direction) of the XcoM and the CoP next to the generally accepted

method of calculating horizontal decoupling of the CoM and CoP. We calculated the follow-

ing outcome measures: (1) duration of the anticipatory postural adjustment (APA) phase in

which the required propulsive forces are generated needed to lift the leading leg of the

ground. The duration is defined as the time between the moment the anteroposterior

ground reaction force exceeded 1% of the body weight and toe-off of the leading leg;149

(2) duration of the step execution phase (EXE), defined as the time between toe-off and ini-

tial contact of the leading leg; (3) maximal decoupling of the CoM/XcoM and CoP during the

APA phase for the leading and trailing leg; (4) maximal decoupling of the CoM/XcoM and

CoP during the EXE phase for the trailing leg; (5) anteroposterior impulse generated by the

leading and intact leg during the APA phase, calculated by trapezoidal integration of the

anteroposterior component of the ground reaction force; (6) anteroposterior impulse gen-

erated by the trailing leg during the EXE phase; (7) CoM velocity at the end of the APA and

EXE phase, calculated by numerical differentiation of the CoM trajectory in time intervals of

0.1 sec; (8) step length first step; (9) knee angle at initial contact of the leading leg; and (10)

knee yielding defined as the difference between maximal knee flexion during early stance

and the knee flexion angle at initial contact.

Statistical analysis

Data were analyzed using IBM SPSS statistics 22 software (IBM SPSS Statistics, Chicago,

USA). We applied non-parametric statistics using the Wilcoxon Signed Rank Sum Test to

compare the data of the people with an amputation. We used the Mann-Whitney U test
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CHAPTER 5: Added value of a user-adaptive prosthetic knee in gait initiation

Table 5.1: Descriptive variables participants

Variables Persons with an amputation

(n = 10)

Control subjects

(n = 10)

Age (years) 53 (23 - 67) 28 (26 - 56)

Sex (male/female) 6/4 5/5

Time since amputation (years) 33.5 (1 - 41) Not applicable

Reason for amputation Trauma (7), Infection (2),

Osteosarcome (1)

Not applicable

Functional level K2 (2), K3 (5), K4 (3) Not applicable

Stump length (cm) 40 (32 - 60) Not applicable

Non-microprocessor-controlled

prosthetic knees

3R60 (4), 3R80 (1), Mauch SNS (1),

Graph Lite (1), CaTech (1), Total

Knee 2000 (1)

Not applicable

Age, time since amputation, and stump length are presented as median (range).

Sex, reason for amputation, functional level, and non-microprocessor-controlled

prosthetic knees are presented as counts

to compare the data of the intact leg with the control subjects. Because each data point

is used in multiple comparisons, we used the modified Holms-Bonferroni method to cor-

rect for multiple testing. The p-values for the comparisons in which a data point was used

were ranked from small to large. As the data are used in 3 comparisons, the smallest p-

value should be ≤ 0.017 (α of 0.05 divided by 3), the middle p-value should be ≤ 0.025 (α

of 0.05 divided by 2), and the largest p-value should be ≤ 0.05 (α of 0.05 divided by 1).

RESULTS

Subject recruitment

A group of twelve persons with an amputation consented to participate in this study. Two

participants dropped out before the first measurements were completed. One was not able

to satisfactorily adjust to the Rheo Knee II and one subject dropped out because of stump

problems. The remaining ten participants completed both measurements. In addition, a

control group of ten persons without an amputation was included and measured. Charac-

teristics of participants are displayed in Table 5.1.

Comparison Leading Intact and Leading Prosthetic Leg

The results of the outcome parameters are displayed in Figure 5.1 and Table 5.2. In both

prosthetic knee conditions, similar differences were found.

The duration of the APA phase was significantly longer when leading with the intact leg.

Next to this, the decoupling of the XcoM and CoP during the APA phase was higher for both

the leading and trailing leg during the leading intact leg condition. In addition, the impulse
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RESULTS

of the leading intact leg during the APA phase was significantly larger when compared to

the impulse of the leading prosthetic leg. For the Rheo Knee II condition, the impulse of the

trailing (intact) leg in the leading prosthetic leg condition was significantly higher than the

impulse of the trailing (prosthetic) leg in the leading intact leg condition. The CoM velocity

at the end of the APA phase was significantly higher in the leading intact leg condition when

compared to the leading prosthetic leg condition.

The duration of the EXE phase was significantly shorter for the leading intact leg condi-

tion. For the Rheo Knee II condition, the decoupling of the CoM/XcoM and the CoP during

the leading intact leg condition were significantly higher when compared to the leading

prosthetic leg condition. For the non-microprocessor-controlled prosthetic knee condition,

the step length of the leading prosthetic leg was significantly longer when compared to the

leading intact leg.

Results of the loading response of the leading prosthetic leg show reduced knee flexion

at Initial Contact and knee yielding when compared to the leading intact leg.

Influence of prosthetic knee

The comparison of the leading intact leg condition in both prosthetic knee conditions show-

ed no significant differences. The same was true for the leading prosthetic leg condition in

both prosthetic knee conditions. All P values were 0.11 or over.

Comparison of the Leading Intact Leg condition with controls

Comparison of the leading intact leg condition of both prosthetic knee conditions to the

data of controls show similar results. We found that the duration of the APA phase is sig-

nificantly increased. The decoupling of the CoM and CoP of the trailing (prosthetic) leg is

reduced when compared to the trailing leg of controls. In addition, the impulse of the trail-

ing (prosthetic) leg is reduced when compared to the trailing leg of controls. The duration of

the EXE phase is significantly shorter for the leading intact leg condition when compared to

controls. The decoupling of the CoM and CoP of the trailing (prosthetic) leg is also reduced

when compared to controls. Finally, the step length and CoM velocity at the end of the first

step were reduced for the leading intact leg condition when compared to controls.

Comparison of the Leading Prosthetic Leg condition with controls

The Leading Prosthetic Leg condition showed when compared to controls. Exemptions were

the duration of the APA phase, the impulse of the trailing (intact) leg during the APA and EXE

phase. On these outcomes no differences were found. In addition, the duration of the EXE

phase was significantly longer in the Leading Prosthetic Leg condition.
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CHAPTER 5: Added value of a user-adaptive prosthetic knee in gait initiation

Figure 5.1: Displacement of the center of pressure and center of mass.

On the x-axis the timing is displayed. This is the normalized time in which 0% respresents start of gait initiation

and 100% is initial contact of the leading leg. On the y-axis the position of the outcome measures relative to the

lab origin is.

Abbreviations: CoP: center of pressure; CoM: center of mass; NMPK: non-microprocessor-controlled prosthetic

knee; EXE: step execution phase.
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DISCUSSION

DISCUSSION

The aim of this study was to investigate the added value of a user-adaptive prosthetic knee

in planned gait initiation. We hypothesized increased decoupling of the CoP and CoM in the

Rheo Knee II condition by increasing the EXE phase in the leading intact leg condition. In the

leading prosthetic leg condition we hypothesized a larger decoupling because of increased

stance stability of the prosthetic leg after the first step. Our results disproved our hypothe-

ses and showed that there is no added value of a user-adaptive prosthetic knee during gait

initiation.

In the leading intact leg we thought that the single limb support phase of the trailing

prosthetic leg would increase while walking with the Rheo Knee II because of increased

stance stability. The hypothesized increase of the single limb support of the trailing pros-

thetic leg would allow a longer period of force production and a longer first step, both of

which could lead to a more anterior position of the CoM with respect to the CoP. We, how-

ever, did not find an increase in the single limb support phase of the trailing prosthetic leg

while walking with the Rheo Knee II as this should be reflected in the EXE phase duration.

On this outcome measure, no difference between prosthetic knees was found. In addition,

the step length of the first step did not change between prosthetic knee conditions. As a

result, the decoupling of the CoP and CoM was unaffected by the prosthetic knee condition.

During the APA phase of the leading intact leg condition also no added value of the Rheo

Knee II was found, which was in line with our expectations. Because a prosthetic ankle has

no active function, a posterior translation of the CoP is not possible. Changing the pros-

thetic knee has no influence on this. However, we do feel that our results of the leading

intact leg condition provided additional insights into the intact leg reliance. Because of the

reduced posterior translation of the CoP under the prosthetic foot, the trailing prosthetic

leg has a limited role in the production of propulsive forces. This is most evidently visi-

ble in the impulse generated by the leading and trailing leg. In controls, the trailing leg

generates a higher impulse than the leading leg. The leading intact leg condition shows

the opposite pattern: the leading intact leg produces a significantly higher impulse when

compared to controls. The impulse generated by the trailing prosthetic leg is substantially

smaller when compared to the trailing intact leg in the leading prosthetic leg condition and

controls. For the Rheo Knee II condition this difference was statistically significant, for the

non-microprocessor-controlled prosthetic knee this difference was on the borderline of sig-

nificance. The reduced impulse generated by the prosthetic leg probably led to an increased

duration of the APA phase found in the leading intact leg condition. Vrieling et al. explains

this by pointing out the dual role of the intact leg in the leading intact leg condition: it must

both produce the majority of the propulsive forces and be placed forward first.148 Increas-

ing the duration of the APA phase in the leading intact leg condition seems an effective

adjustment strategy, as the CoM velocity at the end of the APA phase is comparable to the

CoM velocity of controls.
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CHAPTER 5: Added value of a user-adaptive prosthetic knee in gait initiation

In the leading prosthetic leg condition, we hypothesized an increased decoupling of the

CoP and CoM. This hypothesis was based on the fact that the Rheo Knee II allows increased

stance stability and early stance flexion which serves as a shock absorption. We therefore

believed that participants could cope with a larger decoupling of the CoP and CoM while

starting with the prosthetic leg. Our results disproved our hypothesis as no increase in

decoupling of the CoP and CoM was found. A possible explanation is that participants did

not use the yielding function of the Rheo Knee II. Previous trials studying the added value of

a microprocessor-controlled prosthetic knee in level walking also showed that participants

did not use knee yielding function.12,152

We did find differences between the leading prosthetic condition on one side and the

leading intact leg condition and controls on the other side. During the APA phase, the de-

coupling of the CoM and CoP of both the leading prosthetic and trailing intact leg are re-

duced when compared to controls. When looking at the impulse generated by the leading

(prosthetic) leg, it is clear that the prosthetic leg has no role in the production of propulsive

forces. It even produces a small negative impulse, meaning that it actually absorbs energy.

Again, the intact leg overcompensates for the limited involvement of the prosthetic leg in

generating propulsive forces. The impulse of the trailing intact leg is significantly higher

when compared to the trailing prosthetic leg in the leading intact leg condition and to the

trailing leg of controls. In the Rheo Knee II condition the impulse of the trailing intact leg

was also higher than the impulse of the trailing prosthetic leg in the leading intact leg con-

dition. For the non-microprocessor-controlled prosthetic knee condition these differences

were on the borderline of significance. Despite the overcompensation of the trailing intact

leg, the CoM velocity at the end of the APA phase is smaller when compared to the leading

intact leg condition and controls.

The EXE phase was significantly increased in the leading prosthetic leg condition when

compared to both the leading intact leg condition and controls. This could be explained

by the fact that the prosthetic leg has to absorb the forces that are associated with gait

initiation. Because the majority of the non-microprocessor-controlled prosthetic knee are

limited in allowing early stance flexion, the prosthetic knee has to be fully extended. In case

full knee extension is not achieved before the leading prosthetic leg stance phase starts, the

knee might buckle leading to a fall. Achieving full extension of the prosthetic knee prob-

ably took more time than achieving the desired knee position of the leading intact leg or

the leading leg of controls, which were both slightly flexed. Our results are in line with

previously conducted trials, who also found an increase duration of the EXE phase. 148 In

addition, we found that the decoupling of the CoM and CoP during the EXE phase were re-

duced when compared to the leading intact leg condition. For the Rheo Knee II condition

these differences were significant, while for the non-microprocessor-controlled prosthetic

knee condition these differences were on the borderline of significance. A possible explana-

tion for this finding could be the fact that the prosthetic knee was fully extended at the end

of the EXE phase. A slightly flexed knee allows a more anterior position of the CoM when
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compared to a fully extended leg. Despite the reduced decoupling, the impulse generated

by the trailing (intact) leg is not reduced when compared to the trailing prosthetic leg in

the leading intact leg condition or the trailing leg of controls This is explained by the earlier

reported increase in EXE phase: forces can be generated over a longer period of time. The

CoM velocity at the end of the EXE phase is slightly higher in the leading prosthetic leg con-

dition when compared to the leading intact leg condition. This was also found by previously

conducted trials.148,149,151

We chose to calculate the decoupling between the XcoM and CoP next to the generally

accepted method of using the decoupling of the CoM and CoP as outcome measure. The

results indicate that by using the decoupling of the XcoM and CoP differences between the

leading intact and leading prosthetic leg condition and between persons with an amputation

and controls become more distinct.

Our study was confounded by a number of factors. First of all we had a small sam-

ple size, which affected statistical power and the ability to detect differences. However,

when marked differences existed between both prosthetic knee conditions, these would

have been identified. In addition, we provided eight weeks of acclimatization which might

have been too short. In case full acclimatization was not reached, participants might not

have been able to use the added functionality of the Rheo Knee II to a full extend. To our

best knowledge, there is one paper available describing the duration of adaptation to a new

prosthetic knee.156 They showed that it took a 26 year old person with a an amputation

due to trauma three weeks to achieve a stable gait pattern after prescription of a new non-

microprocessor-controlled prosthetic knee. If and to what extent these results are applica-

ble to microprocessor-controlled prosthetic knees is unclear. Third, we chose to leave out

a gait training program because it is uncommon in the Netherlands to receive training after

prescription of a microprocessor-controlled prosthetic knee. This could have contributed to

a situation in which the participants were not fully acclimatized to the Rheo Knee II. Finally,

we used a mold to standardize foot placement. This was needed to be able to compare

both prosthetic knee conditions. However, some subjects pointed out that, if they had a

choice, they would have preferred a different foot placement. This might have influenced

the studied outcome measures and may limit the validity of the measurements.

In conclusion we found that persons with an amputation heavily rely on their intact leg

for the production of propulsive forces. In addition, decoupling of the CoM and CoP is less

efficient in persons with an amputation, irrespective of the leg that is placed forward first.

Finally, there is no added value of a user-adaptive prosthetic knee on gait initiation.
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ABSTRACT

Background The added value of user-adaptive prosthetic knees has been predominantly

evaluated in level walking or ramp/stair negotiation. Previous studies indicate that the activ-

ity pattern of individuals with an amputation mainly consists of short periods of continuous

walking, indicating that a high percentage of ambulatory activity involves gait termination.

The potential added value of user-adaptive prosthetic knees in gait termination has not been

studied yet.

Methods Ten individuals with an amputation were measured with their own non-micro-

processor controlled prosthetic knee and with the Rheo Knee II (a user-adaptive prosthetic

knee). The order of testing was randomized. Measurements were performed using a Vicon

system and two force plates. Participants performed trials while making the last step with

their intact and prosthetic leg. Spatiotemporal, kinematic and kinetic variables were mea-

sured.

FindingsWe found that the Rheo Knee II had no effect on the studied outcome parameters

when compared to the non-microprocessor-controlled prosthetic knee. We also found that

the intact leg was responsible for producing the deceleration forces irrespective whether

the last step was made by the intact or prosthetic leg.

Interpretation The prosthetic leg is limited in producing deceleration forces. Although

user-adaptive prosthetic knees claim to increase stance stability and allow knee flexion dur-

ing early stance, this was not visible in our results. The added value of the Rheo Knee II

in gait termination is limited. Future research could focus on the added value of actuated

ankle control, which seems to be of greater importance than user-adaptive knee control.
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INTRODUCTION

INTRODUCTION

Developments in prosthetic knee technology have led to the introduction of user-adaptive

microprocessor-controlled prosthetic knees. Examples of these prosthetic knees are the

C-Leg and the Rheo Knee. User-adaptive prosthetic knees use information from different

sensors that make the knee capable of changing damping properties, such as knee angle,

knee angular velocity and force.7,20 This variable damping is thought to lead to optimal knee

kinematics and, ultimately, be beneficial for the user.

The added value of user-adaptive prosthetic knees has been studied on a number of

different tasks, but the majority studied level walking or stair or ramp negotiation. Studies

looking into the activity pattern of persons with an amputation showed that majority of

periods of continuous activity were only 1 or 2 minutes in length. 145 Klute et al. also found

that persons with an amputation walked for 10 minutes only once or twice a day. 145 These

results indicate that a high percentage of ambulatory activity of persons with an amputation

involves gait initiation and termination. A recent study investigated the added value of a

user-adaptive prosthetic knee in gait initiation.143 However, to our knowledge, the added

value of a user-adaptive prosthetic knee in gait termination has not been studied yet.

Previous authors who studied gait termination in persons with an amputation have

found that the prosthetic leg has a reduced role in generating deceleration forces that are

needed to terminate gait.157,158 These deceleration forces are normally generated by plac-

ing the center of pressure (CoP) in front of the center of mass (CoM). This slows the forward

movement of the CoM down.159 Vrieling et al. showed that in persons with a transfemoral

amputation this mechanism is impeded.157 First of all, the stiffness of the prosthetic ankle

inhibits a smooth anterior displacement of the CoP.157 Next to this, the absence of pros-

thetic knee flexion during the loading response inhibits a posterior positioning of the CoM

with respect to the CoP.157 The lack of knee flexion also inhibits absorption of energy by the

knee. This is of particular importance, as the negative work of the knee dissipates the largest

amount of energy of any of the lower extremity joints.160 Finally, the duration of single limb

support of the prosthetic leg is reduced when compared to the intact leg,157,158 which limits

the time in which the braking impulse can be produced. The duration of single limb support

on the prosthetic leg is thought to be decreased because stability is challenged during this

phase. Because of all this, persons with an amputation heavily rely on their intact leg for

the absorption of energy during gait termination.157,158

The Rheo Knee II is thought to increase stance stability. This could increase the duration

of single limb support on the prosthetic leg while walking with the Rheo Knee II. This poten-

tially leads to more time to produce deceleration forces and, in turn, to a larger deceleration

impulse. Next to this, the Rheo Knee II should allow knee flexion during early stance. This

would enable absorption of energy at knee level and would allow a more posterior posi-

tion of the CoM with respect to the CoP. The latter would mean a more efficient use of the

CoP-CoM mechanism.
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CHAPTER 6: Added value of a user-adaptive prosthetic knee in gait termination

The aim of the current study is to investigate the added value of the Rheo Knee II in

planned gait termination. Therefore we compared the Rheo Knee II condition with a non-

microprocessor-controlled prosthetic knee condition. We hypothesized that the prosthetic

leg produced a higher deceleration impulse by increasing the duration of the single limb

support phase on the prosthetic leg. In addition, we hypothesized increased energy dissi-

pation of the prosthetic knee while using the Rheo Knee II.

METHODS

Subjects

For this study, persons with a transfemoral amputation were recruited from the Nether-

lands and Belgium. The inclusion criteria were: (1) at least one year post amputation, (2)

functional level from K2 (limited outdoor) to K4 (active athlete), (3) never supplied with

a microprocessor-controlled knee unit before. Exclusion criteria were: (1) other muscu-

loskeletal problems influencing walking ability, (2) problems with the residual leg/bad socket

fitting, (3) body weight > 125 Kg (maximum tolerable weight of the Rheo Knee II), (4) knee

center-floor distance below 41 cm (minimal height that is needed to build in the Rheo Knee

II).

In addition, 10 persons without an amputation were recruited in the personal network

of the primary author to serve as a control group. Controls were eligible when they were

free of musculoskeletal problems influencing walking ability, cognitive problems and im-

paired vision. The study protocol was approved by the Medical Ethical Committee Twente,

Enschede, the Netherlands and all subjects provided written informed consent before the

start of the measurements.

Study protocol

The persons with an amputation were randomly assigned to start measurements with their

own mechanically passive prosthesis or to start measurements with the Rheo Knee II. We

used a block randomization procedure with a block size of four to ensure comparable

groups size. We used Excel (Microsoft, Redmond, USA) to generate random numbers which

were used for the randomization procedure. In both prosthetic knee conditions the Vari-

Flex® with EVO™ prosthetic foot was used. Prior to the first measurement, participants with

an amputation had an appointment with the prosthesist to either install the Vari-Flex-Evo

foot combined with their own prosthesis, or to install the Rheo Knee II in combination with

the Vari-Flex with Evo. After eight weeks of acclimatization the first set of measurements

was performed. After these measurements, the subjects crossed-over to the other pros-

thetic condition. After another eight weeks of acclimatization the second set of measure-

ments was performed after which the prosthesis was converted to the original set up and

subjects left the study. All prosthetic fittings were performed by the same prosthesist. The
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control group performed one set of measurements. Full details of prosthetic adjustments

have been published before.143

Experimental protocol

Participants were instructed to walk five steps before coming to a halt. Data were collected

using a three-dimensional optic movement tracking system consisting of six Vicon cameras

(Oxford Metrics Ltd., Oxford, UK) and two AMTI force plates (Advanced Mechanical Tech-

nology Incorporated, Watertown, USA). The modified Helen-Hayes markers set was used,

including 35 reflective makers. Markers were placed on anatomical landmarks according

to the Vicon full-body plug in gait model. The collected data were processed using Vicon

Nexus 1.8 (Oxford Metrics Ltd., Oxford, UK). The marker trajectories were recorded with a

frequency of 100 Hz. The force plate data were collected at a frequency of 1000 Hz. A trial

was valid when both the second last step as the step of the leading leg were on a force plate

each. For details of the experimental set-up see Figure 6.1. Data collection was stopped

when eight valid trials were available. The first five trials with a walking speed within a±5%

range were selected for analysis.

Force plate 

Force plate 

1 

2 3 
Walking 

direction 

1. Initial contact second last step 

2. Initial contact leading leg 

3. Initial contact trailing leg   

 

 

Figure 6.1: Graphical representation experimental set-up

Data processing

The first step in the data processing was identification of initial contact and initial swing of

both legs. Initial contact was defined as the moment the heel marker stopped moving in a

downward direction. Initial swing was defined as the moment the heel and toe marker both

started moving in the upward direction. Subsequently, data were loaded into custom de-

veloped Matlab 2010b software (Mathworks, Natick, USA). Kinematic and kinetic data were

filtered using a 2 ! order zero phase shift Butterworth filter with a Low-pass filter of 10 Hz.
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CHAPTER 6: Added value of a user-adaptive prosthetic knee in gait termination

Outcome measures

We calculated spatiotemporal, kinematic and kinetic outcome measures, and the margins

of stability. Firstly, spatiotemporal variables included duration of the first double limb sup-

port of the leading leg, duration of single limb support on the leading leg, and duration of

the moment from initial contact of the trailing leg to end of gait termination. The moment

of gait termination was retrospectively defined as the moment the anteroposterior com-

ponent of the ground reaction force was below 1% of the body weight in Newton for 100

frames (0.1 sec). Secondly, we compared kinematics of the knee of the leading leg by de-

termining knee angle at initial contact and knee yielding. Knee yielding was defined as the

difference between maximum knee flexion during the loading response and knee flexion at

initial contact. Thirdly, we calculated joint work of the ankle, knee, and hip of the leading

leg as indication of energy dissipation on individual joint level. These were calculated by

numerical integration of joint power. In addition, we calculated the deceleration impulse

of the second last step and of the leading and trailing leg by numerical integration of the

anteroposterior component of the ground reaction force. Finally, we calculated the back-

ward margin of stability from the moment of initial contact of leading leg to the end of gait

termination. The backward margin of stability is defined as distance between the CoP and

the extrapolated centre of mass (XcoM).155 The XcoM is calculated by adding the ratio of the

CoM velocity and the eigen frequency of the pendulum to the CoM position.155

Data analysis

Data were analyzed using IBM SPSS statistics 22 software (IBM, Chicago, USA). Because of

the small sample size, non-parametric statistics were chosen. For the within-subject com-

parisons of the persons with an amputation, the Wilcoxon Signed Rank Sum Test was used.

For the comparisons of the persons with an amputation with the control subjects, the Mann-

Whitney U test was used. Statistical significance was set at P ≤ 0.05.

RESULTS

Subject recruitment

A group of 61 potential candidates were contacted of which 52 met the inclusion criteria. A

total of twelve persons were willing to participate in the study. Two participants dropped

out before the first measurement: one was not able to satisfactorily adjust to the Rheo

Knee II and one developed problems with the residual leg. The remaining ten participants

completed both measurements. Characteristics of participants and control subjects are

displayed in Table 6.1.
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Table 6.1: Descriptive variables participants

Variables Persons with an amputation

(n = 10)

Control subjects

(n = 10)

Age (years) 53 (23 - 67) 28 (26 - 56)

Sex (male/female) 6/4 5/5

Time since amputation (years) 33.5 (1 - 41) Not applicable

Reason for amputation Trauma (7), Infection (2),

Osteosarcome (1)

Not applicable

Functional level K2 (2), K3 (5), K4 (3) Not applicable

Stump length (cm) 40 (32 - 60) Not applicable

Non-microprocessor-controlled

prosthetic knees

3R60 (4), 3R80 (1), Mauch SNS (1),

Graph Lite (1), CaTech (1), Total

Knee 2000 (1)

Not applicable

Age, time since amputation, and stump length are presented as median (range).

Sex, reason for amputation, functional level, and non-microprocessor-controlled

prosthetic knees are presented as counts

Comparison of leading intact leg and leading prosthetic leg condition

within a prosthetic knee condition

When the leading intact leg condition is compared with the leading prosthetic leg condition

within a prosthetic knee condition, similar results are visible for the non-adaptive prosthetic

knee and the Rheo Knee II. For results see Table 6.2 and Figure 6.2, and 6.3.

On spatiotemporal variables the following statistically significant differences were found

for both the non-adaptive prosthetic knee and Rheo Knee II condition. The duration of

the single limb support of the leading leg was significantly larger in the leading intact leg

condition, when compared to the leading prosthetic leg condition. In addition, the duration

from the moment of initial contact of the trailing leg to the end of gait termination was

significantly longer in the leading prosthetic leg condition when compared to the leading

intact leg condition. CoM velocity at initial contact of the second-last step, the leading leg,

and the trailing leg were also statistically significantly different between the leading intact

and leading prosthetic leg condition (see Figure 6.2). For the leading prosthetic leg condition

CoM velocity at initial contact of the second-last step (intact leg) and at initial contact of the

trailing leg (intact leg) were significantly higher when compared to the leading intact leg

condition. CoM velocity at initial contact of the leading leg was significantly higher for the

leading intact leg condition when compared to the leading prosthetic leg condition.

On kinematic variables the following statistically significant differences were found in

both prosthetic knee conditions. Both the knee angle at initial contact as knee yielding of

the leading leg were smaller in the leading prosthetic leg condition when compared to the

leading intact leg condition.

On knee work, we found the following statistically significant differences. For the non-

adaptive prosthetic knee condition, ankle and hip work of the leading intact leg were higher
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CHAPTER 6: Added value of a user-adaptive prosthetic knee in gait termination

Figure 6.2: Velocity of the center of mass during gait termination.

The black line represents the median velocity of the centre of mass and the gray area represents the interquartile

range. The dotted lines from left to right represent: initial swing (ISw) of the leading leg (LL), initial contact (IC) of the

leading leg, initial swing of the trailing leg (TL) and initial contact of the trailing leg. The data are scaled in a relative

time frame in which the start corresponds with initial contact of the second last step and the end corresponds with

the end of gait termination. Abbreviation: NMPK: non-microprocessor-controlled prosthetic knee.
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Figure 6.3: Backward margin of stability during gait termination.

The black line represents the median extrapolated centre of mass (XcoM) position, and the gray line the median

centre of pressure (CoP) position during gait termination. The vertical lines present the moment of initial swing

(ISw) and initial contact (IC) of the trailing leg (TL). Positions are relative to the edge of the force plate. The data

are scaled in a relative time frame in which the start corresponds with initial contact of the leading leg and the

end corresponds with the end of gait termination. Abbreviation: NMPK: non-microprocessor-controlled prosthetic

knee.
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CHAPTER 6: Added value of a user-adaptive prosthetic knee in gait termination

when compared to the leading prosthetic leg. For the Rheo Knee II condition, knee work

of the leading leg was significantly higher in the leading intact leg when compared to the

leading prosthetic leg. When looking at the deceleration impulse the following statistically

significant differences were visible for both prosthetic knee condition. For the leading pros-

thetic leg condition, the deceleration impulse of the second-last step (intact leg) and the

deceleration impulse from initial contact of the trailing leg (intact leg) to the end of gait ter-

mination were higher when compared to the deceleration impulse produced by the pros-

thetic leg in the leading intact leg condition. The deceleration impulse of the leading leg

was significantly higher in the leading intact leg condition when compared to the leading

prosthetic leg condition.

The backward margin of stability is graphically represented in Figure 6.3. For both pros-

thetic knee conditions, the margins of stability were statistically significantly higher in the

leading prosthetic leg condition when compared to the leading intact leg condition.

Comparison of prosthetic knees

When the leading intact leg condition while walking with the non-adaptive prosthetic knee

is compared to the leading leg condition while walking with the Rheo Knee II, no differences

were found on all studied outcome parameters. Comparison of the leading prosthetic leg

conditions of the non-adaptive prosthetic knee and Rheo Knee II showed one statistically

significant difference. Knee flexion of the leading leg at initial contact was significantly

higher for the Rheo Knee II condition when compared to the non-microprocessor-controlled

prosthetic knee.

Comparison of leading intact leg condition with controls

For both prosthetic knee conditions, similar results for most outcome parameters were

found for the comparison of the leading intact leg condition of the individuals with an ampu-

tation and the control subjects. On spatiotemporal variables, we found that the single limb

support of the leading intact leg was significantly longer when compared to the control sub-

jects. The duration from initial contact of the trailing leg to the end of gait termination was

significantly shorter for the leading intact leg condition when compared to controls. Finally,

CoM velocity at initial contact of the second last step and trailing leg (both prosthetic leg)

were lower for the individuals with an amputation. On kinematic variables no differences

were found. On kinetic variables, we found that the ankle work of the leading intact leg was

significantly lower than the ankle work of controls. For the leading intact leg condition we

additionally found that the deceleration impulse of the second last step (prosthetic leg) was

significantly lower when compared to controls. On margins of stability, no differences were

found.
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DISCUSSION

Comparison of the leading prosthetic leg condition with controls

For both prosthetic knee conditions, statistically significant differences were found for al-

most all outcome parameters when the leading prosthetic leg condition of the individu-

als with an amputation is compared to the control subjects. For the non-microprocessor-

controlled prosthetic knee condition, the only non-significant differences were on the decel-

eration impulse of the second-last step (intact leg) and the deceleration impulse from initial

contact of the trailing leg (intact leg) to the end of gait termination. For the Rheo Knee II

condition, the non-significant differences were the deceleration impulse of the second-last

step (intact leg).

DISCUSSION

The aim of the current study was to study the effect of the Rheo Knee II on biomechanical

variables of gait termination. We hypothesized that the prosthetic leg produced a higher

deceleration impulse by increasing the duration of the single limb support phase on the

prosthetic leg. In addition, we hypothesized increased energy dissipation of the prosthetic

knee during the final step while using the Rheo Knee II. Our results disproved our hypothe-

ses and showed that the transition towards the Rheo Knee II had a very limited effect on the

studied outcome parameters.

When looking at the first hypothesis, we found that the duration of single limb support

of the leading leg was significantly higher in the leading intact leg condition when compared

to the leading prosthetic leg condition. This was also found by previous studies. 157,158 The

Rheo Knee II had no influence on the duration of single limb support of the prosthetic leg

in both the leading intact and leading prosthetic leg condition when compared to the non-

microprocessor-controlled prosthetic knee.

It is thought that individuals with an amputation shorten the single limb support dura-

tion on the prosthetic leg because stability is challenged during this phase due to the lack of

active ankle control.161 When looking at the backward margin of stability, we found that the

maximal backward margin of stability was significantly higher in all phases of the leading

prosthetic leg condition when compared to the leading intact leg condition and controls.

This was seen for both the non-microprocessor-controlled prosthetic knee and Rheo Knee

II condition. The main reason for the increased backward margin of stability is the reduced

anterior shift of the CoP under the prosthetic foot in the leading prosthetic leg condition

(see Figure 6.3). A positive backward margin of stability indicates that the CoM will pass the

CoP in the anteroposterior direction. In this light, the increased backwards margin of stabil-

ity in all phases of the leading prosthetic leg condition further underlines that the prosthetic

leg has a limited contribution to slow down the anteroposterior center of mass velocity.

The fact that the CoP-CoM mechanism is impaired in the prosthetic leg was also clearly

visible in the deceleration impulses generated by the intact and prosthetic leg. In the control
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CHAPTER 6: Added value of a user-adaptive prosthetic knee in gait termination

subjects, the leading leg was mostly responsible for the generation of the deceleration im-

pulse. This was also the case for the intact leg in the leading intact leg condition. However,

the deceleration impulse of the intact leg related to total deceleration impulse (combined

deceleration impulse of the leading and trailing leg) was considerably higher in the leading

intact leg condition when compared to controls (87% for both prosthetic knee conditions vs.

76% for the controls). A previous study found that the leading intact leg of individuals with

an amputation accounted for 85% of the total impulse.150 Individuals with an amputation

seem to increase the deceleration impulse of the leading intact leg by increasing the dura-

tion of the single limb support of the leading leg. This duration was significantly longer for

the leading intact leg condition when compared to controls. This was also found by Vrieling

et al.
157

In the leading prosthetic leg condition the trailing intact leg also had a substantial role

in the generation of the deceleration impulse. The deceleration impulse after initial con-

tact of the trailing intact leg was significantly higher in the leading prosthetic leg condition

when compared to both the leading intact leg condition and controls. Contrastingly, the

deceleration impulse of the leading prosthetic leg was significantly lower when compared

to the leading intact leg and controls. When looking at deceleration impulse of the lead-

ing prosthetic leg related to the total deceleration impulse, we found that this was 55% for

the non-microprocessor-controlled prosthetic knee condition, and 51% for the Rheo Knee

II condition. These values are in line with those of van Keeken et al.,150 also reporting 55%

in their study. In the leading prosthetic leg condition, individuals with an amputation seem

to place their trailing intact leg as soon as possible, after which the majority of deceleration

forces are produced.

The reliance on the intact leg for the generation of braking forces led to distinct differ-

ences in CoM velocity patterns between the leading intact and the leading prosthetic leg

condition (see Figure 6.2). Individuals with an amputation seem to lower their CoM velocity

before initial contact of the prosthetic leg during the last two steps. This was found irre-

spective of which leg was leading.

Our second hypothesis was that energy dissipation of the prosthetic knee would in-

crease while walking with the Rheo Knee II compared to walking with the non-micropro-

cessor-controlled prosthetic knee. Our results disproved our hypothesis, as no differences

in knee work were seen in the leading prosthetic leg between the non-microprocessor-

controlled prosthetic knee and Rheo Knee II condition.

We did find that intact leg reliance was reflected on all joint work outcome parameters.

On all joint levels, the joint work of the leading intact leg was higher than the leading pros-

thetic leg. Although differences were marked, they were not significant for all comparisons.

For the non-microprocessor-controlled prosthetic knee condition, ankle and hip joint work

of the leading leg were significantly higher in the leading intact leg condition when com-

pared to the leading prosthetic leg condition. In the Rheo Knee II condition, only the knee

work of the leading leg was significantly higher in the leading intact leg condition when com-
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pared to the leading prosthetic leg condition. The joint work of the leading prosthetic leg

were comparable in both prosthetic knee conditions.

Comparison of the leading prosthetic leg with controls showed statistically significant

lower joints work for the leading prosthetic leg in both prosthetic knee conditions. Next to

the difference in duration of single limb support, limited anterior CoP shift and lower gait

termination velocity, the reduced knee yielding of leading prosthetic leg contributed to these

differences. The reduced knee yielding impairs the mechanism by which the prosthetic knee

can absorb energy. Because knee flexion and hip flexion are coupled in a closed chain, the

extended prosthetic knee also inhibits hip flexion. By doing so, the hip of the prosthetic leg

is also limited in absorbing energy. Because participants did not use the yielding function

of the Rheo Knee II, joint work of the leading prosthetic leg did not increase in this pros-

thetic knee condition. The fact that participants did not use the yielding function might not

come as a surprise, as this was also found in trials studying level walking with the C-Leg

or Rheo Knee II.11,12,144 We did find that the knee angle at initial contact was significantly

higher in the Rheo Knee II condition. However, we consider this finding as not relevant

as differences were small and they could be due to differences in alignment between the

non-microprocessor-controlled prosthetic knee and the Rheo Knee II.

We believe that a number of factors played a role in the limited differences that we

found between prosthetic knee conditions. First of all, we did not provide a training pro-

gram when walking with the Rheo Knee II. As the majority of non-microprocessor-controlled

prosthetic knee do not allow early stance flexion, the majority of the participants learned to

walk with an extended knee throughout the stance phase during their rehabilitation. It is

doubtable whether participants were able to unlearn this walking pattern without training.

As it is not common in the Netherlands to provide a training program after provision of a

microprocessor-controlled prosthetic knee we chose to stick to usual care as closely as pos-

sible. Next to this, we had a small study population which affected statistical power which

makes it harder to find statistically significant differences. However, if marked differences

between prosthetic knee conditions were present, these could have been identified. Sec-

ondly, users had eight weeks to get accustomed to the Rheo Knee II which might have been

too short for full customization. Especially because we compared the Rheo Knee II to an

extensive experience with the non-microprocessor-controlled prosthetic knee.

Future research could focus on the added value of an active prosthetic foot or com-

mercially available passive prosthetic feet where the passive plantar flexion can be reduced

that might be able to shift the CoP to a more anterior position under the prosthetic foot. If

so, individuals with an amputation might be able to use the CoP-CoM mechanism by which

braking forces are generated to a greater extent.

In conclusion, individuals with a transfemoral amputation or knee disarticulation heavily

rely on the intact leg to stop the forward momentum needed to terminate gait. In addition,

the Rheo Knee II does not reduce intact leg reliance and has no added value during gait

termination when compared to non-microprocessor-controlled prosthetic knees.
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ABSTRACT

Background The use of microprocessor-controlled prosthetic knees has been associated

with a reduced number of self-reported falls and stumbles. A biomechanical explanation

for this finding, however, is lacking. The aim of this study was to compare the use of a

non-microprocessor-controlled prosthetic knee and the Rheo Knee II on responses to an-

teroposterior platform perturbations during walking.

Methods Participants were measured twice: once with their own non-microprocessor-con-

trolled prosthetic knee and once with the Rheo Knee II. We measured both perturbed and

non-perturbed walking, both at preferred walking speed. A control group was included for

reference purposes. Anteroposterior platform perturbations were applied during the single

stance phase on the prosthetic leg and during the end of the swing phase of the prosthetic

leg. Primary outcome measure was the backward margin of stability (BMoS). Secondary

outcome measures included the mediolateral margin of stability, anteroposterior center of

mass velocity, step length, and foot forward placement.

Results The BMoS of the steps after the stance phase perturbations in the Rheo Knee II

condition was significantly increased when compared to the non-microprocessor-controlled

condition. This is explained by a smaller foot forward placement in the Rheo Knee II con-

dition. For the BMoS of the steps after the swing phase perturbations no differences were

found. Comparison of perturbed and non-perturbed walking showed that the Rheo Knee II

enabled the use of strategies that are also used by non-amputees to cope with the balance

perturbations.

Conclusions The use of the Rheo Knee II led to an increased BMoS after the stance phase

perturbations which is thought to be reflective of a decreased fall risk. The design of

the Rheo enabled the use of strategies that were also used by non-amputees. This study

provided some initial biomechanical findings that might explain the reduced self-reported

stumbles and falls that have been described before while using microprocessor-controlled

prosthetic knees.
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INTRODUCTION

Falling is highly prevalent in individuals with an amputation. A survey conducted in 2001

showed that over 66% of respondents with a transfemoral amputation fell at least once in

the past 12 months.14 Next to this, fear of falling has been shown to be deteriorate daily

functioning as it has been shown to reduce prosthetic use162 and engaging in social activi-

ties.163 Because of this, it is of clinical importance to understand the responses of individ-

uals with a transfemoral or knee disarticulation amputation to balance perturbations and

how interventions can affect these responses.

When looking in the scientific literature it becomes clear that there is a limited body

of evidence regarding the responses of individuals with a transfemoral amputation to bal-

ance perturbations during walking. Shirota et al. studied the responses of individuals with

a transfemoral amputation and control subjects on swing phase perturbations of both the

prosthetic and intact leg.164 They found that individuals with a transfemoral amputation

generally used recovery strategies also used by individuals without an amputation. 164 In

addition, they found the biggest differences between individuals with and without an am-

putation during tripping of the intact leg.164 Sheehan et al.165 and Crenshaw et al.166 inves-

tigated the effect of a perturbation-based gait training program and found that this could

improve compensatory stepping response and margins of stability. As far as it is known, no

attempts have been made to investigate the effect of different prosthetic components on

the responses to balance perturbations during walking.

An example of a prosthetic component that might influence the responses to balance

perturbations are microprocessor-controlled prosthetic knees. Microprocessor-controlled

prosthetic knees are designed to increase stability during early stance, provide optimal knee

kinematics during swing, and to adapt to changes in walking speed. 7,20 There are indica-

tions that the use of a microprocessor-controlled prosthetic knees result in a lower number

of subject-reported stumbles and falls when compared to the use of non-microprocessor-

controlled prosthetic knees.26–28,32 There is, however, no biomechanical explanation avail-

able for these observed differences. One possible explanation could be found in previous

research studying the responses to platform perturbations. Hak et al. found that both in-

dividuals with and without a transtibial amputation decreased step length and increased

step frequency to increase stability when confronted with platform perturbations. 167,168 De-

creasing step length could be difficult for individuals walking with a non-microprocessor-

controlled prosthetic knee as the knee has to be extended at the beginning of the stance

phase to avoid knee buckling. Achieving full prosthetic knee extension requires a relatively

large step length. Because microprocessor-controlled prosthetic knee allow early stance

knee flexion, individuals might decrease prosthetic step length without jeopardizing knee

stability. When this is the case, individuals with a transfemoral amputation or knee dis-

articulation might use similar strategies that non-amputees use to increase stability. This

hypothesis, however, has not been confirmed.

111
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The aim of this study was therefore to study to compare the responses of individuals

with a transfemoral amputation or knee disarticulation to balance perturbations while walk-

ing with a non-microprocessor-controlled prosthetic knee and the Rheo Knee II. We also

investigated whether the prosthetic knee influenced the strategies that were used during

perturbed walking when compared to non-perturbed walking and how these strategies re-

late to the strategies used by individuals without an amputation. Because of the increased

early stance stability that is attributed to the use of microprocessor-controlled prosthetic

knees we hypothesized that the use of the Rheo Knee II would be beneficial in terms of

margins of stability. We also hypothesized that the Rheo Knee II would enable the use of

strategies that were also used by individuals without an amputation.

METHODS

Subjects

We recruited participants from the service area of Roessingh Center for Rehabilitation, En-

schede, the Netherlands, and through a flyer on a national website of a patient organization.

Inclusion criteria were: (1) at least one year post amputation; (2) functional level from K2

(limited outdoor) or higher142; (3) never previously fitted with a microprocessor-controlled

knee. Exclusion criteria were: (1) other musculoskeletal problems influencing walking abil-

ity; (2) stump problems / poor socket fitting; (3) body weight > 125 Kg (maximum specifica-

tion weight for the Rheo Knee II); (4) knee center-floor distance below 41 cm. In addition,

a control groups of subjects without an amputation were recruited for reference purposes.

The controls were free of any musculoskeletal problems influencing walking ability.

The study protocol (NL 30112.044.09) was approved by the Ethical Research Commit-

tee Twente, Enschede, the Netherlands and all subjects provided written informed consent

before the first prosthetic adjustment.

Prosthetic adjustments

The full process of prosthetic adjustments have been published before.143 To prevent a

learning effect, we randomized the order in which the non-microprocessor-controlled pros-

thetic knee and Rheo Knee II were tested. To rule out the effect of difference in prosthetic

feet between prosthetic conditions and/or participants, we used the LP Vari-Flex® with EVO™

(Össur) in both prosthetic knee conditions. During the first set of prosthetic adjustments,

either the LP Vari-Flex with EVO was installed or the Rheo Knee II in combination with the LP

Vari-Flex with EVO. The first data collection took place after eight weeks of adjustment time.

During the second set of prosthetic adjustments, participants went back to their own non-

microprocessor-controlled prosthetic knee or got the Rheo Knee II installed. The second

data collection took place after another eight weeks of adjustment time. After the second

data collection, the prosthesis was converted back to the original set-up after which partici-
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pants left the study. Participants did not receive a gait training program in either prosthetic

knee condition. This choice was based on our aim to follow usual care as closely as possible,

which in the Netherlands usually does not include a training program after the prescription

of a microprocessor-controlled prosthetic knee.

Protocol

Data were collected at the Center for Augmented Learning and Training of the National

Military Rehabilitation Center Aardenburg in Doorn, the Netherlands using the Computer-

Assisted Rehabilition Environment (CAREN) system (Motek Forcelink BV, Amsterdam, the

Netherlands). This CAREN system consists of an instrumented single-belt treadmill and a

twelve infrared-camera Vicon motion capture system (Oxford Metrics Ltd., Oxford, UK). The

treadmill speed was fixed. We determined preferred walking speed during a familiarization

trial in which the walking speed was increased until the subjects were comfortable.

We used the modified Helen-Hayes marker set, including 37 reflective markers, which

were placed according to the Vicon full-body Plug-in-Gait model. An additional two markers

were placed on the rope that connected the safety harness to the overhead frame. Before

the measurements started, we asked participants to place their full weight in the safety har-

ness and recorded the distance between the two markers on the rope. This distance was

used to check whether participants made use of the safety harness during the measure-

ments. The strides for which this was the case were omitted from the data analysis. We

also placed four markers on the platform which were used to determine the moments of

platform perturbations.

The perturbations consisted of a backward translation of the platform with a amplitude

of 0.2 m and a velocity of 0.2 m/s. Perturbations were applied manually by pressing a button

based on visual inspection of the gait cycle during the single support phase of the prosthetic

leg or during the end of the swing phase of the prosthetic leg. The moment of single stance

on the prosthetic leg was chosen as the balance perturbations has to be controlled by the

prosthetic leg alone and was thought to represent a ‘slip’. The end of the swing phase was

chosen, as we hypothesized that the perturbations would provoke an earlier start of the

stance phase on the prosthetic leg and was thought to represent a ‘trip’. For the comparison

of perturbed to non-perturbed walking we also collected data of non-perturbed walking. We

collected these data at the same walking speed that was used during the perturbation trials.

A total of 15 strides were analyzed and averaged.

The collected data were processed using Vicon Nexus 1.8 (Oxford Metrics Ltd., Oxford,

UK). We loaded the processed data into customized Matlab 2010b software (The MathWorks,

Inc, Natick, USA) for further analysis. We filtered the kinematic data using a zero-phase shift

2 ! order Butterworth filter with a cut-off frequency of 10 Hz, meaning that the data were

filtered twice with a 2 ! order filter.

The first step of the data analysis was to determine the timing of the perturbations. In

case the perturbations were not applied during the single stance on the prosthetic leg (in
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CHAPTER 7: Influence of a user-adaptive prosthetic knee on responses to platform perturbations

between toe-off and initial contact of the intact leg) or not during the end of the prosthetic

swing phase (defined as 75-95% of the gait cycle) of the prosthetic leg, the perturbation and

the associated outcome parameters were omitted from the data analysis. In case of a valid

perturbation, outcome parameters were calculated and averaged per timing of perturba-

tion.

Outcome measures

We analyzed the outcome parameters of the first six steps after the perturbations because

we hypothesized that participants were able to return to their normal walking pattern within

these six steps. The primary outcome measure is the backward margin of stability (BMoS),

see Figure 7.1. Increased BMoS is thought to be indicative of increased gait stability167 We

also chose to calculate the mediolateral margin of stability (ML-MoS) to explore whether

anteroposterior perturbations also affects the margin of stability in the mediolateral plane.

The choice for the ML-MoS was also based on the fact that previous research showed that

the ML-MoS was affected by perturbations other than mediolateral perturbations, such as

perturbations of the visual field.169 The backward margin of stability was calculated as the

difference between the anteroposterior position of the extrapolated center of mass (XcoM)

and the anteroposterior position of the marker placed on the lateral malleolus. The XcoM

was calculated according to Hof et al.155 The mediolateral MoS was calculated as the differ-

ence between the mediolateral position of the XcoM and the mediolateral position of the

marker placed on the lateral malleolus. .

To understand potential differences in backward margin of stability we calculated sec-

ondary outcome measures that are in line with Hak et al.168 that could provide an explana-

tion for these differences. The secondary outcome measures include: (1) anteroposterior

CoM velocity at initial contact, (2) step length, and (3) foot forward placement. The antero-

posterior center of mass velocity was determined by taking the first derivative of the center

of mass positions provided by the Vicon Nexus software in intervals of 0.1 seconds. Step

length was calculated as the difference in anteroposterior positions of the ankle markers

at initial contacts. Foot forward placement was calculated as the distance between the an-

teroposterior components of the ankle marker and the center of mass position at initial

contacts.

RESULTS

A total of eight individuals with an amputation participated in the study. Of this study group,

one individual could not cope with the movement of the platform towards the neutral po-

sition, leaving a total of seven individuals who completed both measurement sessions. The

control group consisted of ten individuals without an amputation. Demographic variables

of the study group are displayed in Table 7.1.
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Figure 7.1: Graphical representation of the outcome measures associated with the backwards margin of stability.

Abbreviations: CoM: center of mass; XcoM: extrapolated center of mass; FFP: forward foot placement; BMoS:

backward margin of stability.
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Table 7.1: Descriptive variables participants

Variables Persons with an amputation

(n = 7)

Control subjects

(n = 10)

Age (years) 53 (23 - 65) 28 (26 - 56)

Sex (male/female) 4/3 5/5

Time since amputation (years) 33.5 (1 - 41) Not applicable

Reason for amputation Trauma (7), Infection (2),

Osteosarcome (1)

Not applicable

Functional level K3 (4), K4 (3) Not applicable

Stump length (cm) 34 (8 - 35) Not applicable

Non-microprocessor-controlled

prosthetic knees

3R60 (4), 3R80 (1), Graph Lite (1),

CaTech (1)

Not applicable

Age, time since amputation, and stump length are presented as median (range).

Sex, reason for amputation, functional level, and non-microprocessor-controlled

prosthetic knees are presented as counts

Timing of perturbations

The timing of perturbations is displayed in Table 7.2. Several perturbations had to be omit-

ted due to incorrect timing. Between five and eight valid perturbations were available for

each moment of perturbation per participant per prosthetic knee condition. There were no

statistical significant differences in the timing of the perturbations between prosthetic knee

conditions.

Comparison of prosthetic knee conditions

The results of the comparison of prosthetic knee conditions are displayed in Table 7.2, 7.3

and Figure 7.2. The BMoS of the steps after the stance phase perturbations were signifi-

cantly higher in the Rheo Knee II condition compared to the non-microprocessor-controlled

prosthetic knee condition. For the swing phase perturbation no differences were seen in

BMoS between prosthetic knee conditions. There were no statistical significant differences

in the ML-MoS of the steps following both perturbations between the non-microprocessor-

controlled prosthetic knee and the Rheo Knee II for either the stance or swing phase per-

turbation.

Secondary outcome measures

Because we only found differences between prosthetic knee conditions for the BMoS after

the stance phase perturbations, only the outcome measures associated with this perturba-

tion timing were compared. For the results see Table 7.3. The anteroposterior center of

velocity at initial contact of step 3 (intact leg) was statistically significantly higher in the Rheo

Knee II condition when compared to the non-microprocessor-controlled prosthetic knee

condition. The step length of step 4 and 6 (prosthetic leg) was significantly smaller in the

Rheo Knee II condition when compared to the non-microprocessor-controlled prosthetic
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Table 7.2: Comparison of prosthetic knee conditions

Variables NMPK Rheo Knee II P

Stance phase perturbations

Timing perturbation (% GC) 23.34 [16.77,30.22] 21.29 [17.60,22.84] 0.735

BMoS Step 1 (cm) - Intact Leg 4.84 [2.43,8.78] 7.00 [4.95,9.72] 0.028

BMoS Step 2 (cm) - Prosthetic Leg 5.74 [0.88,11.10] 9.35 [1.86,15.83] 0.043

BMoS Step 3 (cm) - Intact Leg 8.71 [5.01,11.91] 10.65 [8.46,13.24] 0.028

BMoS Step 4 (cm) - Prosthetic Leg 4.39 [0.42,8.74] 7.69 [5.99,10.64] 0.028

BMoS Step 5 (cm) - Intact Leg 6.39 [5.55,11.63] 10.35 [7.29,12.16] 0.018

BMoS Step 6 (cm) - Prosthetic Leg 6.38 [1.72,8.67] 8.49 [5.78,11.33] 0.018

ML-MoS Step 1 (cm) - Intact Leg 11.37 [8.49,12.38] 10.77 [9.07,12.39] 0.499

ML-MoS Step 2 (cm) - Prosthetic Leg 11.21 [7.85,12.79] 9.59 [7.89,11.00] 0.398

ML-MoS Step 3 (cm) - Intact Leg 10.67 [9.93,11.86] 12.22 [9.02,13.04] 0.237

ML-MoS Step 4 (cm) - Prosthetic Leg 9.82 [8.63,12.65] 10.48 [8.95,12.38] 0.612

ML-MoS Step 5 (cm) - Intact Leg 10.43 [8.89,12.49] 11.10 [9.38,12.55] 0.499

ML-MoS Step 6 (cm) - Prosthetic Leg 10.03 [9.06,12.67] 11.08 [8.80,12.48] 0.499

Swing phase perturbations

Timing perturbation (% GC) 90.02 [86.43,92.13] 90.06 [85.83,90.92] 0.398

BMoS Step 1 (cm) - Prosthetic Leg 1.21 [-1.12,9.27] 7.01 [4.87,12.02] 0.063

BMoS Step 2 (cm) - Intact Leg 6.88 [3.97,8.35] 8.27 [6.51,10.09] 0.237

BMoS Step 3 (cm) - Prosthetic Leg 6.64 [0.08,13.11] 10.00 [4.83,13.60] 0.237

BMoS Step 4 (cm) - Intact Leg 7.82 [5.58,13.77] 9.27 [7.69,11.91] 0.735

BMoS Step 5 (cm) - Prosthetic Leg 7.95 [1.52,12.04] 10.05 [5.01,13.69] 0.063

BMoS Step 6 (cm) - Intact Leg 6.91 [6.21,13.17] 10.59 [8.15,12.90] 0.499

ML-MoS Step 1 (cm) - Intact Leg 11.04 [9.95,12.41] 10.99 [9.04,13.31] 0.398

ML-MoS Step 2 (cm) - Prosthetic Leg 11.68 [8.91,12.14] 9.85 [8.24,12.15] 0.735

ML-MoS Step 3 (cm) - Intact Leg 9.92 [9.30,10.80] 11.88 [9.06,13.46] 0.398

ML-MoS Step 4 (cm) - Prosthetic Leg 10.61 [8.82,13.24] 10.29 [9.63,11.13] 1.000

ML-MoS Step 5 (cm) - Intact Leg 10.06 [8.91,12.07] 10.31 [8.42,12.48] 0.499

ML-MoS Step 6 (cm) - Prosthetic Leg 10.64 [8.93,13.64] 10.20 [9.47,11.76] 0.612

Abbreviations: GC: gait cylce; BMoS: backward margin of stability; ML-MoS: mediolateral margin

of stability

knee condition. The foot forward placement of step 4 through 6 (resp. intact, prosthetic

and intact leg) of the Rheo Knee II condition was significantly smaller when compared to

the non-microprocessor-controlled prosthetic knee condition.

Comparison of perturbed and non-perturbed walking

Because we only found differences between prosthetic knee condition for the BMoS after

the stance phase perturbation, we only compared the BMoS of the steps after the stance

phase perturbation to non-perturbed walking. For the results of this comparison see Table

7.4. In the non-microprocessor-controlled prosthetic knee condition, the BMoS of the first

step after the stance phase perturbation was significantly smaller when compared to non-

perturbed walking. For the BMoS of the other steps, no differences were found. When

looking at the variables that influence the BMoS, the anteroposterior center of mass velocity

117



CHAPTER 7: Influence of a user-adaptive prosthetic knee on responses to platform perturbations

Table 7.3: Comparison of prosthetic knee conditions on variables that influence the backwards margin of stability

Variables NMPK Rheo Knee II Median difference P

AP CoM vel 1 (m/s) 0.71 [0.62,0.73] 0.69 [0.67,0.86] −0.46 [-0.10,0.02] 0.237

AP CoM vel 2 (m/s) 0.54 [0.31,0.57] 0.56 [0.30,0.73] −0.11 [-0.16,0.05] 0.499

AP CoM vel 3 (m/s) 0.62 [0.48,0.73] 0.72 [0.57,0.81] −0.06 [-0.11,-0.01] 0.028

AP CoM vel 4 (m/s) 0.57 [0.47,0.68] 0.61 [0.42,0.72] −0.03 [-0.06,0.01] 0.310

AP CoM vel 5 (m/s) 0.67 [0.62,0.74] 0.69 [0.59,0.85] −0.03 [-0.08,0.02] 0.176

AP CoM vel 6 (m/s) 0.62 [0.43,0.70] 0.65 [0.37,0.73] 0.02 [0.01,0.03] 0.735

Step Length 1 (cm) 51.12 [44.09,56.18] 53.82 [45.37,56.74] −2.20 [-3.24,-0.564] 0.237

Step Length 2 (cm) 46.06 [24.79,52.79] 34.94 [28.56,51.91] 1.37 [-3.76,0.72] 0.398

Step Length 3 (cm) 37.04 [28.41,46.48] 45.03 [34.23,47.17] −0.81 [-0.58,1.89] 0.398

Step Length 4 (cm) 41.84 [35.28,54.24] 36.14 [34.71,43.13] 1.85 [0.57,11.11] 0.018

Step Length 5 (cm) 36.57 [36.19,45.99] 42.88 [35.42,45.94] 0.22 [-1.00,1.15] 0.612

Step Length 6 (cm) 39.53 [30.64,56.32] 34.10 [29.14,49.65] 2.98 [1.21,6.66] 0.028

FFP 1 (cm) 15.25 [11.48,18.85] 14.58 [11.44,16.90] 0.73 [0.40,1.15] 0.176

FFP 2 (cm) 14.23 [0.80,18.41] 6.02 [3.04,15.31] 0.36 [-1.91,4.73] 0.398

FFP 3 (cm) 9.94 [5.53,15.34] 11.35 [6.96,13.95] 0.57 [-1.41,2.99] 0.499

FFP 4 (cm) 14.60 [5.35,15.34] 6.70 [5.63,14.70] 2.18 [1.05,4.83] 0.028

FFP 5 (cm) 13.97 [7.85,15.34] 12.43 [7.22,13.99] 1.35 [0.29,1.73] 0.018

FFP 6 (cm) 14.21 [4.88,18.39] 5.99 [4.66,15.00] 1.70 [1.04,3.38] 0.018

Data are presented as median [interquartile range]. The median difference is calculated by subtracting

the value of Rheo Knee II condition from the NMPK condition.

Abbreviations: NMPK: non-microprocessor-controlled prosthetic knee; BMoS: backward margin of

stability; AP CoM vel: anteroposterior center of mass velocity; FFP: foot forward placement

at initial contact of step 1 was significantly increased and velocity at initial contact of step

2 was significantly decreased when compared to non-perturbed walking. The step length

of the intact leg was both statistically significantly increased (step 1) and decreased (step

3 and 5) when compared to non-perturbed walking. The step length of the prosthetic leg

was significantly increased for all steps (step 2, 4, and 6) when compared to non-perturbed

walking. The foot forward placement was significantly decreased for step 1 (intact leg) when

compared to non-perturbed walking.

For the Rheo Knee II condition, the BMoS of step 3 through 6 (resp. intact, prosthetic,

intact, prosthetic leg) was significantly increased when compared to non-perturbed walk-

ing. The anteroposterior center of mass velocity showed the same pattern as the non-

microprocessor-controlled prosthetic knee: significantly increased at step 1 (intact leg) and

significantly decreased at step 2 (prosthetic leg) when compared to non-perturbed walking.

Step length and foot forward placement showed similar patterns: a significantly increased

value for step 1 (intact leg) and a significantly decreased value for step 2 through 6.

For the individuals without an amputation, the BMoS of step 2 through 6 was signifi-

cantly increased when compared to non-perturbed walking. The general pattern after the

perturbation was to decrease anteroposterior center of mass velocity and step length and

foot forward placement.
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RESULTS

Figure 7.2: Graphical representation of the Backward Margin of Stability.

The dots represent the median value and the error bars represent the interquartile range. The dots in black

represent the prosthetic leg and the dots in gray represent the intact leg.

Abbreviations: NMPK: non-microprocessor-controlled prosthetic knee; NW: non-perturbed walking.
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DISCUSSION

The aim of this study was to compare the response of individuals with a transfemoral am-

putation or knee disarticulation to anteroposterior stance and swing phase perturbations of

the prosthetic leg during walking while wearing a non-microprocessor-controlled prosthetic

knee and the Rheo Knee II. To do so, we compared the two prosthetic knee conditions with

one another and we compared perturbed to non-perturbed walking. Because the use of

microprocessor-controlled prosthetic knees is attributed with increased stance phase sta-

bility, we hypothesized increased BMoS and ML-MoS while using the Rheo Knee II when

compared to the use of non-microprocessor-controlled prosthetic knees. In addition, we

hypothesized that individuals were able to use similar strategies as individuals without an

amputation to cope with balance perturbations when walking with the Rheo Knee II.

Comparison of the BMoS of the six steps after the stance phase perturbation showed

statistically significantly higher values in the Rheo Knee II condition when compared to

the non-microprocessor-controlled prosthetic knee condition, suggesting increased stability

and thus a decreased fall risk in the Rheo Knee II condition after stance phase perturbations.

When looking at the origin of the difference between prosthetic knees, one can distinguish

step 1 from step 2 through 6. The difference in BMoS at initial contact of step 1 between the

prosthetic knees is the result of a decreased BMoS in the non-microprocessor-controlled

prosthetic knee condition, as opposed to an increased BMoS in the Rheo Knee II condi-

tion in steps 2-6. Looking at the variables that influence the BMoS show that the reduced

BMoS in the non-microprocessor-controlled prosthetic knee condition is mainly caused by

an increased step length and foot forward placement.Studying the variables that influence

the BMoS shows that the strategy to increase the BMoS in the Rheo Knee II condition is

mainly to slightly increase CoM velocity and decrease the foot forward placement when

compared to the non-microprocessor-controlled prosthetic knee condition (see Table 7.3).

In summary, although the differences on the secondary outcome parameters were mostly

non-significant, all variables combined did lead to significant differences in BMoS between

the prosthetic knee conditions.

Comparison of the steps after the stance phase perturbation to non-perturbed walking

showed that the use of the Rheo Knee II enabled the use of strategies that were also used

by individuals without an amputation. This was not the case for the non-microprocessor-

controlled prosthetic knee condition. For the Rheo Knee II condition the BMoS of step 3

through 6 were significantly higher when compared to non-perturbed walking where this

was the case for step 2 through 6 for individuals without an amputation. In the non-

microprocessor-controlled prosthetic knee condition the BMoS of step 1 was significantly

decreased when compared to non-perturbed walking where no differences for the other

steps were seen. When looking at the variables that influence the BMoS striking similari-

ties were seen between the Rheo Knee II condition and the control group. Although not all

differences were statistically significant, the general pattern was to slightly decrease antero-
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posterior center of mass velocity and decrease step length and foot forward placement of

the steps after the perturbation when compared to non-perturbed walking.

In the non-microprocessor-controlled prosthetic knee condition, a distinctly different

strategy was used to cope with the balance perturbations. In the non-microprocessor-

controlled prosthetic knee condition, the BMoS of the first step (intact leg) after the stance

phase perturbation was significantly smaller when compared to non-perturbed walking.

This, was caused by an increased step length and foot forward placement. The BMoS of

step 2 through 6 after the stance phase perturbation were comparable to the BMoS of non-

perturbed walking. Although differences in anteroposterior center of mass velocity, step

length, and foot forward placement were visible between non-perturbed and perturbed

walking in the non-microprocessor-controlled prosthetic knee condition, the interplay be-

tween these variables led to a comparable BMoS of step 2 through 6. Most importantly,

an increased center of mass velocity was accompanied with a larger foot forward place-

ment and a decreased center of mass velocity was accompanied with a smaller foot forward

placement. The important question is why the Rheo Knee II enabled the use of strate-

gies that were also used by the controls whereas in the non-microprocessor-controlled

prosthetic knee condition this was not the case. A possible explanation for this could be

the non-optimal knee damping during early stance that is associated with the use of non-

microprocessor-controlled prosthetic knees. These knees have to be extended at the be-

ginning of the stance phase, else they might buckle and the individual with an amputation

might fall. Achieving full knee extension at the beginning of the stance phase usually re-

quires a large step length. The Rheo Knee II should provide increased early stance stability

which might allow a smaller step length without an increased risk of knee buckling.

In contrast to our hypothesis we did not find differences for the swing phase perturba-

tions. One possible explanation for this is that the timing of the perturbations was relatively

late: around 90% of the gait cycle. We hypothesized a potential advantage for the Rheo

Knee II when participants had to start the stance phase with non-fully extended prosthetic

knee. Applying the perturbations around 90% of the gait cycle probably enabled the partici-

pants to fully extend their prosthetic knee before the beginning of the stance phase, thereby

reducing the advantage that the Rheo Knee II might have. In addition, we did not find differ-

ences in ML-MoS between prosthetic knee conditions. Possible explanations for this finding

includes that fact that perturbations were applied in the anteroposterior direction and the

fact that both prosthetic knees only act in the sagittal plane and do not allow any movement

in frontal plane.

The fact that individuals with an amputation are able to use similar strategies as indi-

viduals without an amputation were also found by other authors. Hak et al. studied the

effect of continuous mediolateral balance perturbations on the gait of individuals with a

transtibial amputation and without an amputation.168 They found the balance perturbation

led to a decrease in step length, increase in step frequency and increased backward margin

of stability when compared to non-perturbed walking.168 These results are in line with the
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results we found for the Rheo Knee II condition and the individuals without an amputation.

Shirota et al.164 perturbed the swing phase of both individuals with a transfemoral ampu-

tation or knee disarticulation and without an amputation. They found that both groups use

similar strategies although specific strategies are used more often in one group when com-

pared to the other.164 This study was confounded by a number of factors. First of all we

had a limited sample size, which affected the statistical power of the study. However, we

were able to detect statistical significant differences between prosthetic knee conditions. It

remains to be seen whether these differences hold up in a properly powered study and/or

non-significant differences become significant. Next to this, we had a study population with

a high functional level and none of the participants had an amputation due to vascular

problems, which is the main reason for amputation. The results of this study can therefore

only be generalized to a small proportion of the overall population of individuals with an

amputation. Thirdly, we were not able to obtain kinetic variables because we used a single-

belt instrumented treadmill. Studying kinetic variables could have assisted us in providing

a better explanation as to why differences between prosthetic knees existed. Finally, we

chose to perform the experiments with an individually determined fixed treadmill speed.

During preliminary trials we noticed that platform perturbations in combination with a self-

paced treadmill speed could provide an even bigger challenge to stability (for example, the

participants that briefly stopped walking after the perturbation had additional balance per-

turbations because the treadmill suddenly slowed down). The fact that treadmill speed was

fixed could have limited the participants in the way they coped with balance perturbations.

For example, participants that wished to increase their walking speed after the balance per-

turbations were limitedly able to do so, because they would have walked off the treadmill

by doing so.

Future research could focus on increasing the study populations to validate the findings

of our study. In addition, they could use perturbations with varying magnitude to investi-

gate whether there are other strategies to cope with balance perturbations than the ones

we have described and whether the choice of strategy is dependent on perturbation mag-

nitude. Finally, future studies could measure kinetic variables of the response to balance

perturbations to provide a better understanding as to why differences between prosthetic

knees exist.

In conclusion, walking with the Rheo Knee II enabled participants to use strategies, also

usedby non-amputees to cope with the balance perturbations. The increased BMoS in the

Rheo Knee II condition, is suggestive of a decreased fall risk after the stance phase pertur-

bations when compared to the non-microprocessor-controlled prosthetic knee condition.

No differences were visible after swing phase perturbations. This study provides the first

biomechanical findings that might explain the earlier reported decreased fall risk associated

with the use of microprocessor-controlled prosthetic knees.

124





C
H

A
P

T
E

R
  

Influence of a user-adaptive 

prosthetic knee on quality of  

life, balance confidence and 

measures of mobility: a  

randomized cross-over trial 

 8 

Prinsen EC, Nederhand MJ, Olsman J, Rietman JS. 

Clin Rehab 2015;29:581-91. 



•

•

•
•



CHAPTER 8: Influence of a user-adaptive prosthetic knee on functional status

ABSTRACT

Objective To study the influence of a transition from a non-microprocessor-controlled pros-

thetic knee to the Rheo Knee II on quality of life, balance confidence and measures of mo-

bility.

Design Randomized crossover trial.

Setting Research department of a rehabilitation centre.

Subjects Persons with a transfemoral amputation or knee disarticulation (n=10).

Interventions Participants were assessed with their own non-microprocessor-controlled

knee and with the Rheo Knee II. The low-profile Vari-Flex® with EVO™ foot was installed in

both knee conditions, followed by eight weeks of acclimatisation. The order in which knees

were tested was randomized.

Main Measures Prosthesis Evaluation Questionnaire with addendum, Activities-specific

Balance Confidence scale, Timed “up & go” Test, Timed up and down stairs test, Hill As-

sessment Index, Stairs Assessment Index, Standardized Walking Obstacle Course and One

Leg Balance test.

Results Significant higher scores were found for the Rheo Knee II on the Residual Limb

Health subscale of the Prosthesis Evaluation Questionnaire when compared to the non-

micro-processor-controlled prosthetic knee (median [interquartile range] respectively 86.67

[62.21- 93.08] and 68.71 [46.15-94.83]; P = 0.047) In addition, participants needed signifi-

cantly more steps to complete an obstacle course when walking with the Rheo Knee II com-

pared to the non-microprocessor-controlled prosthetic knee (median [interquartile range]

respectively 23.50 [19.92- 26.25] and 22.17 [19.50-25.75]; P=0.041). On other outcome mea-

sures, no significant differences were found.

Conclusions Transition towards the Rheo Knee II had little effect on the studied outcome

measures.
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INTRODUCTION

In persons with a transfemoral amputation or knee disarticulation, different types of pros-

thetic knees are available. These include non-microprocessor-controlled and micropro-

cessor-controlled prosthetic knees. In contrast to non-microprocessor-controlled prosthetic

knees, microprocessor controlled prosthetic knees are capable of adjusting the damping

properties to changing user and/or environmental features (e.g. walking speed, prosthetic

loading, stairs or ramps).7,20 This may result in a more natural and stable gait. Several stud-

ies investigated whether a transition from a non-microprocessor-controlled to a micropro-

cessor-controlled prosthetic knee, such as the C-Leg or Rheo Knee, improved aspects of

daily living.

Studies investigating the influence of the C-Leg compared to non-microprocessor-con-

trolled prosthetic knees on quality of life show ambiguous results on the Prosthesis Eval-

uation Questionnaire.26,27,32,41,170 On performance based measures of mobility, studies re-

ported increased walking speed on both even and uneven terrain, 26 decrease in time that

was needed to complete the Timed “up & go” Test,171 increased performance of ramp

and stair de-scent,27,32,36 and improved obstacle course navigation when walking with a

microprocessor-controlled prosthetic knee.33,35 Finally, studies found no differences in daily

step count between prosthetic knee conditions.27,145

Previous research mainly focused on the C-Leg. Scientific research focusing on the Rheo

Knee is scarcely available.11,63 Because the control algorithm of the Rheo Knee II is user-

adaptive and the control algorithm of the C-Leg is not, both knees might have a different im-

pact on daily functioning. Furthermore, the majority of authors have used a pretest-posttest

design. While this is consistent with clinical practice, it has limitations such as the possibility

of introducing a learning effect. Only few studies randomized the order in which prosthetic

knees were tested.12,35,145 Accordingly, there is limited evidence from randomized studies

to help guide clinical decision making. Therefore, we aim to study the influence of a transi-

tion from a non-microprocessor-controlled prosthetic knee towards the user-adaptive Rheo

Knee II on aspects of daily functioning using a randomized within subject cross-over trial.

METHODS

Participants

For this randomized within subject crossover trial participants with a transfemoral ampu-

tation or a knee disarticulation were recruited from a convenience sample in the Nether-

lands and Belgium. The inclusion criteria were: (1) at least one year post amputation, (2)

functional level from K2 (limited mobility) to K4 (high activity) 142 as assessed by treating

physiatrist, (3) never supplied with a microprocessor-controlled knee unit before. Exclu-

sion criteria were: (1) other musculoskeletal problems influencing walking ability, (2) stump
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problems/bad socket fitting, (3) body weight >125 Kg (maximum tolerable weight of the

Rheo Knee II), (4) knee center-floor distance insufficient to allow fitting of the Rheo Knee II.

The study protocol was approved by the local medical ethical research committee and all

subjects provided written informed consent before inclusion.

Protocol

Participants were randomly assigned to start measurements with their own non-micro-

processor controlled prosthetic knee or to start with the Rheo Knee II. We used a 4 block

randomization procedure to ensure comparable group sizes. In both prosthetic knee con-

ditions the LP Vari-Flex® with EVO™ (Össur) was used, thereby excluding the effect of pros-

thetic foot on outcome measures. After inclusion participants had an appointment with

the prosthetist to install either the LP Vari-Flex with EVO or the Rheo Knee II and the LP

Vari-Flex with EVO. After eight weeks of acclimatization the first measurements took place

after which subjects crossed over to the other prosthetic condition. After another eight

weeks, the second set of measurements was performed. After measurements were final-

ized, the prosthesis was converted to the original state and subjects left the study. Align-

ment of the non-microprocessor-controlled prosthetic knee was carefully checked before

any adjustments were made during the first appointment with the prosthetist. In case the

alignment was not according to manufacturer’s guidelines, it was changed accordingly. The

alignment of the non-microprocessor-controlled prosthetic knee was carefully transferred

to the Rheo Knee II condition, to ensure comparable alignment. In case this resulted in a

load line outside the manufacturer’s recommendation for the Rheo Knee II, alignment was

adjusted accordingly. All prosthetic adjustments were performed by the same prosthetist.

Participants did not receive a gait training program while walking with the Rheo Knee II. Our

main consideration in making this choice was that we aimed to make the comparison as

unaffected by gait training factors as possible.

Outcome measures

The Prosthetic Evaluation Questionnaire is a questionnaire aimed at measuring prosthetic-

related quality of life in amputees.172 It consists of nine validated subscales (utility, residual

limb health, appearance, sounds, ambulation, perceived responses, social burden, frustra-

tion, and well-being). Hafner et al. 27 added an addendum consisting of 14 questions regard-

ing subject confidence, concentration, and falls. The questions comprising a subscale were

averaged. The questions of the addendum were analysed separately. The Prosthetic Eval-

uation Questionnaire is validated for unilateral amputees, one year post-amputation who

wear their prosthesis at least five days a week.172 The Prosthesis Evaluation Questionnaire

showed fair-to-strong reliability.172,173 The psychometric properties of the addendum are,

so far, unknown.

The Activities-specific Balance Confidence scale is a 16 item questionnaire measuring the

balance confidence of an individual completing different ambulatory activities. 174 This scale

130



METHODS

has been validated using prosthetically and medically stable persons with a transfemoral

amputation using their prosthesis at least three times a week. 175 Internal consistency and

reliability were found to be strong and good support for construct and discriminant ability

was found.175 Translation of the Activities-specific Balance Confidence scale in Dutch was

done by Vrieling et al.176. Cross-translation resulted in the original questionnaire.

The Timed “up and go” Test measures the time a subjects needs to get up from a chair,

walk three meters, turn around, walk three meters back, and sit down on a chair. 177 Mea-

surements were stopped when three trials were available which were averaged. The Timed

“up and go” Test has proven to be a reliable instrument for unilateral amputees, showing

good inter- and intrarater reliability.178

The Timed Up and Down Stairs test measures the time a subject needs to quickly, but

safely, go up the stairs, turn around on the top step and come all the way down until both

feet land on the bottom step.179 The starting position was standardized by positioning the

subject 30 cm in front of the bottom step. Three trials were completed and scores were av-

eraged. The psychometric properties of the Timed Up and Down Stairs test for transfemoral

amputees are unknown.

The Stair Assessment Index is a 14-level instrument to score the stair ascent and descent

ability.180 Possible scores range from 0 to 13. The stairs that were used had steps 25 cm

deep and 16.5 cm high and had a rise percentage of 66%. The stairs were 1 m wide with

handrails on both sides.

The Hill Assessment Index is a 12-level instrument to score the independence and tech-

nique that is used during hill descent.181 Possible scores range from 0 to 12. The Hill Assess-

ment Index was administered on a CAREN platform at the National Military Rehabilitation

Centre Aardenburg in Doorn, the Netherlands. The CAREN platform incorporates a tread-

mill which was set at preferred walking speed. Because we used a fixed treadmill speed, we

considered the time to complete the Hill Assessment Index not useful as outcome measure.

Therefore we chose to present the treadmill speed next to the Hill Assessment Index score.

The Standardized Walking Obstacle Course consists of a 12.2 m walkway that includes

a low profile rug with a 30° turn to the right, a 90° turn to the left, and then a 70° turn to

the right.182 The obstacle course starts with rising of a chair with armrests, step over an

elbow crutch, walk over a visually challenging rug, maneuver around a trashcan, walk over a

shag rug, and sit down on a chair without armrests. The measures within the Standardized

Walking Obstacle Course are time, number of steps, number of step-offs and number of

stumbles. Three trials were completed. The scores on the three trials were averaged.

The One Legged Balance Test times the ability of a subject to stand on one leg. At the

start of the test, subjects stood on both legs with eyes open. After the researcher counted

backwards from three to one, the subject was expected to raise one leg and maintain bal-

ance. The test was terminated when the non-supporting leg touched the ground or balance

was maintained for 30 seconds, which is the ceiling of the test. 183 Three trials were com-

pleted for both leg conditions after which the scores were averaged.

131



CHAPTER 8: Influence of a user-adaptive prosthetic knee on functional status

The person collecting the data and making the observations was not blinded for pros-

thetic condition.

Data analysis

Data were analyzed using IBM SPSS Statistics 19.0 (IBM SPSS Statistics, Chicago, USA). Be-

cause of the small sample size, non-parametric tests were chosen. The first step of the sta-

tistical analysis was to check whether the order in which the prosthetic knees were tested

affected the results (a so-called order effect). The scores of the Rheo Knee II were sub-

tracted from the scores of the non-microprocessor-controlled prosthetic knee. This differ-

ence score was than tested with a Mann-Whitney U test to check for significant differences

between the group that started with the Rheo Knee II and the group that started with the

non-microprocessor-controlled prosthetic knee.

In case of a non-significant order effect all data could be combined. In this case a

Wilcoxon Signed Rank Sum test was used to test for significant differences between pros-

thetic knees. In case of a significant order effect, the data could not be combined for all

subjects, as the initial prosthetic knee condition confounded the results of the other pros-

thetic knee condition. Therefore only the data of the first measurement could be analyzed.

This means that data of the Rheo Knee II collected in the group that started with the Rheo

Knee II was compared to data of the non-microprocessor-controlled prosthetic knee that

was collected in the group that started with the non-microprocessor-controlled prosthetic

knee. In this instance, a Mann-Whitney U test was used to check for significant differences

between prosthetic knees.

Statistical significance was set at P ≤ 0.05 for all comparisons.

RESULTS

The result of the recruitment process is displayed in Figure 8.1. Descriptive variables of the

participants are displayed in Table 8.1.
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Potential candidates  

contacted 

n = 61 

Participants meeting  

inclusion criteria 

n = 52 

Participants willing to  

participate 

n = 12 

Randomized to start  

measurements with  

non-microprocessor- 

controlled prosthetic knee 

n = 7 

Week 0 

Drop outs: 2  

Stump problems and  

problems adjusting to  

prosthesis 

Completed first measurement 

n = 5 

Randomized to start  

measurements with  

the Rheo Knee II 

n = 7 

Completed first measurement 

n = 5 

Cross-over to other 

prosthetic knee  

Completed second  

measurement 

n = 5 

Completed second  

measurement 

n = 5 

Week 8 

Week 16 

Figure 8.1: Flow diagram recruitment
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Table 8.1: Descriptive variables participants

Variables Participants (n = 10)

Age (years) 53 (23 - 67)

Sex (male/female) 6/4

Time since amputation (years) 33.5 (1 - 41)

Reason for amputation Trauma (7), Infection (2), Osteosarcome (1)

Functional level K2 (2), K3 (5), K4 (3)

Stump length (cm) 40 (32 - 60)

Non-microprocessor-controlled prosthetic knees 3R60 (4), 3R80 (1), Mauch SNS (1), Graph

Lite (1), CaTech (1), Total Knee 2000 (1)

Age, time since amputation, and stump length are presented as median (range).

Sex, reason for amputation, functional level, and non-microprocessor-controlled prosthetic

knees are presented as counts

Prosthesis-related quality of life and balance confidence

Results of prosthesis-related quality of life and balance confidence are displayed in Table

8.2. The first step of the data analysis was to check for significant order effects. This was

found for the sounds subscale of the Prosthesis Evaluation Questionnaire. For the analysis

of this subscale we thus compared the data collected in the first measurement. No order

effects were found for the other subscales/items of the Prosthesis Evaluation Questionnaire,

addendum, or Activities-specific Balance Confidence scale.

Results of the Prosthesis Evaluation Questionnaire show a significant higher score for

the Rheo Knee II on the Residual Limb Health subscale when compared to the non-micro-

processor controlled prosthetic knee (median [interquartile range] resp. 86.67 [62.21-93.08]

and 68.71 [46.15-94.83]; P = 0.047).

The other eight subscales show no significant differences. In addition, no clear trend

is visible when the median and interquartile range scores are visually inspected. Results

of the Prosthesis Evaluation Questionnaire addendum and the Activities-specific Balance

Confidence scale showed no significant differences or clear trends.

Measures of mobility

Results of the performance based measures of mobility are displayed in Table 8.3. No sig-

nificant order effects were found. The results indicate that significantly more steps were

needed to execute the Standardized Walking Obstacle Course while walking with the Rheo

Knee II when compared to the non-microprocessor-controlled prosthetic knee (median [in-

terquartile range] resp. 23.50 [19.92- 26.25] and 22.17 [19.50-25.75]; P = 0.041). On the

other tests no significant differences were found.

Post-hoc analysis

To test the robustness of the results on the Sounds subscale, we performed a post-hoc

analysis in which the order effect was ignored. This analysis showed a significant improve-
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ment on the Sounds subscale in favor of the Rheo Knee II when compared to the non-

microprocessor-controlled prosthetic knee (median [interquartile range] resp. 85.00 [61.88-

96.75] and 50.25 [12.25-62.88]; P = 0.022).

Table 8.2: Results of the prosthesis-related quality of life and balance confidence

Outcome measures Score NMPK Score Rheo Knee II P Z score ES

PEQ

Ambulation 64.38 [45.88-76.32] 68.25 [48.35-81.81] 0.333 -0.968 0.22

Appearance 67.20 [47.94-80.06] 65.13 [54.13-73.91] 0.878 1.530 0.34

Frustration 77.25 [33.38-97.88] 61.00 [28.63-90.75] 0.594 -0.533 0.12

Perceived Response 87.47 [61.80-95.85] 81.20 [69.53-93.25] 0.878 -0.153 0.03

Residual Limb Health 68.71 [46.15-94.83] 86.67 [62.21-93.08] 0.047 -1.988 0.44

Social Burden 95.67 [24.33-97.50] 95.50 [65.50-96.88] 0.760 -0.306 0.07

Sounds* 59.50 [50.25-80.00] 93.50 [63.25-97.50] 0.347 -0.940 0.30

Utility 67.69 [52.47-90.53] 78.07 [62.81-85.44] 0.333 -0.968 0.22

Well-being 71.00 [54.00-90.38] 77.75 [51.38-90.00] 0.683 -0.408 0.09

PEQ addendum

Mental energy

expenditure

68.50 [30.50-93.25] 81.50 [39.25-93.00] 0.799 -0.255 0.06

Frequency of

stumbling

51.50 [34.25-85.00] 64.50 [35.00-84.00] 0.799 -0.255 0.06

Number of stumbles 4.00 [0.50-6.00] 5.00 [1.50-22.00] 0.214 -1.244 0.28

Frequency of

semi-controlled falling

82.50 [58.25-98.25] 79.50 [55.75-95.25] 0.919 -0.102 0.02

Number of

semi-controlled falls

2.50 [0.00-12.50] 2.50 [0.00-16.25] 0.715 -0.365 0.08

Frequency of

uncontrolled falling

96.50 [82.50-99.25] 90.50 [55.75-98.75] 0.673 -0.422 0.09

Number of

uncontrolled falls

0.00 [0.00-1.75] 0.00 [0.00-4.25] 0.450 -0.756 0.17

Confidence while

walking

86.50 [61.75-96.25] 82.00 [60.50-90.25] 0.359 -0.918 0.21

Difficulty multitasking

while walking

82.00 [58.75-97.25] 81.00 [53.00-97.00] 0.635 -0.474 0.11

Fear of falling 95.50 [38.25-98.25] 88.00 [56.25-95.00] 0.677 -0.416 0.09

Frustration with falling 92.50 [66.25-97.25] 88.50 [46.50-95.75] 0.575 -0.561 0.13

Embarrassment with

falling

90.50 [54.25-97.25] 86.50 [68.00-94.25] 0.953 -0.059 0.01

Fearful of falling

without the prosthesis

88.00 [52.50-97.25] 86.50 [41.50-93.50] 0.575 -0.560 0.13

Difficulty with

concentration

77.00 [28.75-96.50] 86.50 [35-25-94.75] 0.878 -0.153 0.03

ABC-scale 71.08 [44.60-90.16] 74.50 [57.43-90.69] 0.575 -0.561 0.13

*Significant order effect: score NMPK are of group that started measurements with NMPK; scores Rheo

Knee II are of group that started with the Rheo Knee II. Scores are presented as median [interquartile

range]

Abbreviations: NMPK: non-microprocessor-controlled prosthetic knee; ES: effect size; PEQ: Prosthesis

Evaluation Questionnaire; ABC: Activities-specific Balance Confidence
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Table 8.3: Results of the measures of mobility

Outcome measures Score NMPK Score Rheo Knee II P Z score ES

TUGT (sec) 10.52 [9.45-11.13] 10.53 [9.65-10.83] 0.959 -0.051 0.01

TUDS (sec) 22.63 [14.55-24.60] 22.66 [13.81-26.85] 0.508 -0.663 0.15

SAI

Score stair ascent 3.00 [3.00-3.00] 3.00 [3.00-3.00] 1.000 0.000 0.00

Score stair descent 3.00 [3.00-3.00] 3.00 [3.00-3.00] 1.000 0.000 0.00

HAI

Score 8.00 [8.00-8.00] 8.00 [8.00-8.25] 0.317 1.000 0.22

Speed (m/s) 0.70 [0.65-0.76] 0.70 [0.68-0.80] 0.726 -0.351 0.11

SWOC

Time (sec) 18.29 [16.11-19.64] 18.02 [16.42-21.72] 0.508 -0.663 0.15

Steps (count) 22.17 [19.50-25.75] 23.50 [19.92-26.25] 0.041 -2.043 0.46

Step-offs (count) 0.00 [0.00-0.00] 0.00 [0.00-0.00] 1.000 0.000 0.00

Stumbles (count) 0.00 [0.00-0.00] 0.00 [0.00-0.00] 1.000 0.000 0.00

OLBT

Intact leg (sec) 30.00 [27.51-30.00] 30.00 [29.28-30.00] 0.180 -1.340 0.30

Prosthetic leg (sec) 1.15 [0.19-1.73] 1.15 [0.20-2.34] 0.779 -0.280 0.06

Data are presented as median [interquartile range].

Abbreviations: NMPK: non-microprocessor-controlled prosthetic knee; ES: effect size; TUGT: Timed “up

and go” Test; TUDS: Timed Up and Down Stairs test; SAI: Stair Assessment Index; HAI: Hill Assessment

Index; SWOC: Standardized Walking Obstacle Course; OLBT: One Legged Balance Test.

DISCUSSION

In this study, we found that the added value of the Rheo Knee II on prosthesis-related

quality of life, balance confidence, and measures of mobility is limited compared to a non-

microprocessor-controlled prosthetic knee.

Results of the Prosthesis Evaluation Questionnaire showed a significant increase on the

Residual Limb Health subscale of the Prosthesis Evaluation Questionnaire while walking with

the Rheo Knee II when compared to the non-microprocessor-controlled prosthetic knee.

This subscale encompasses questions regarding swelling and pain of the stump, as well as

questions asking whether rashes, ingrown hairs, or blisters are present on the stump. The

found significant difference could be of clinical importance, as skin problems of the stump

have shown to interfere with functioning in daily life.184 However, the increase in residual

limb health did not translate to changes on other subscales of the Prosthesis Evaluation

Questionnaire, thereby leaving the clinical importance of this finding questionable. Our

findings are in line with earlier reported findings. Some trials report no differences,27,32

whereas others do find differences on variable subscales of the Prosthesis Evaluation Ques-

tionnaire.26,41,170 All in all, there seems to be no univocal evidence for a positive effect of

microprocessor-controlled prosthetic knees on prosthesis-related quality of life.
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On the Sounds subscale of the Prosthesis Evaluation Questionnaire an order effect was

present. Because of the order effect, groups were no longer comparable after the first

measurement. Therefore, we only could incorporate data obtained during the first mea-

surement in the data analysis. While this procedure is statistically more sound, it cut our

sample size in half when compared to the other analyses (respectively 5 versus 5 instead

of 10 versus 10), which reduced statistical power. To test the robustness of this finding, we

performed a post-hoc analysis in which the order effect was ignored. This analysis found a

significant increase in favour of the Rheo Knee II. Future research should elucidate what the

influence of a transition towards the Rheo Knee II on the Sounds subscale of the Prosthesis

Evaluation Questionnaire is.

On balance confidence we did not find differences. This is somewhat surprising, as we

thought that balance confidence would increase because it is thought that microprocessor-

controlled prosthetic knees enable more stable gait. However, this hypothesis has not been

confirmed yet in dynamic situations. It is therefore hard to speculate as to why we did

not find differences. As far as we know, this is the first time that a validated question-

naire regarding balance confidence was administered in the comparison of microprocessor-

controlled and non-microprocessor-controlled prosthetic knees. Therefore a comparison to

previously conducted studies was not possible.

On measures of mobility we found a significant increase in the number of steps needed

to navigate the obstacle course when walking with the Rheo Knee II. While differences were

small, they were consistent amongst participants. However, we believe that the difference

of one step is not clinically relevant. This finding is in contrast with findings in previously

conducted trials who found a decrease in needed number of steps to navigate an obstacle

course.33

On the other measures of mobility, no significant differences were found. This is in

contrast with earlier reported findings on effects of a microprocessor-controlled knee. We

believe that numerous factors have led to these discrepancies on the measures of mobility.

First of all, we included relatively active participants as is reflected in their K-level. Be-

cause the Timed “up and go” Test is known to have a ceiling effect for fit elderly people

and younger people with an amputation185 it may not have been able to detect differences

between prosthetic knees. This is even further highlighted when the minimal detectable

change of the Timed “up and go” Test is taken into consideration, which is 3.6 seconds.173

Our participants should have increased their Timed “up and go” Test performance with over

34% to find a difference that exceeds day-to-day variation. We believe that this would have

been hard, if not impossible, to achieve. Retrospectively, the L-test185 would have been a

more suitable test for our study population.

Another contributing factor to the lack of differences on particularly the Hill and Stair

Assessment Index might be the fact that we chose to leave out a gait training program for

participants while walking with the Rheo Knee II. During the measurements some partici-

pants responded that they had no stairs or ramps in their home environment, or were re-
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luctant to descent stairs step-over-step due to safety issues. In addition, several participants

preferred step-by-step because they believed this was faster. A training program might have

counteracted these premises and differences in stair and ramp negotiation might have been

identified. Then again, the training should have been offered to both prosthetic knee condi-

tions, as training might have an influence on outcome.71

Our study was confounded by a number of factors, firstly of all, our sample size was

low which affected statistical power, making it harder to find statistically significant differ-

ences. However, if marked differences between prosthetic knee conditions existed, these

could have been identified with a small study. The presented results suggest that marked

differences were not present in our population.

Secondly, we provided eight weeks of acclimatization which might have been too short

to achieve full customization to the Rheo Knee II. We do not have evidence that subjects

were fully acclimatised, which might have affected outcome. This is of particular importance

because we compared the experience with the Rheo Knee II to 1-41 years of experience

with a non-microprocessor-controlled prosthetic knee. However, evidence-based guidelines

for the duration of the acclimatization period are lacking. Hubbard et al. showed that

it took a 26 year old person with an amputation due to trauma three weeks to achieve

a stable gait pattern after prescription of a new non-microprocessor-controlled prosthetic

knee.156 To what extent these findings are transferable to older persons or acclimatisation

to microprocessor-controlled knees is unclear.

Finally, we used measures of mobility that encapsulate different aspects of activities of

daily life. It is however questionable how these measures correlate with functioning in daily

life. A recent study found small to moderate significant negative correlations between the

Timed “up and go” Test and measures of community ambulation performance (e.g. daily

step count, minutes active per day).186 As far as we know, the concurrent validity of the

other used outcome measures and measures of daily functioning has not been established.

Accordingly, we might not have quantified the effect of the Rheo Knee II on functioning in

daily life to full extent.

In conclusion, we found that the transition of a non-microprocessor-controlled pros-

thetic knee to the Rheo Knee II led a limited amount of significant differences on a diver-

sity of outcome measures. Significant differences were found on the Residual Limb Health

subscale and the number of steps needed to complete the Standardized Walking Obstacle

Course. Due to the small difference, the latter result is not considered clinically relevant.

Future research should use outcome measures that correlate to functioning in daily life

to evaluate ecologically valid differences between prosthetic knees. Ideally, these outcome

measures are administered in the home environment and are as unobtrusively as possible.

In addition, the sensitivity to change of outcome measures to different prosthetic knees

should be clarified. Finally, a well-designed large randomized cross-over trial is needed

to provide decisive evidence for the added value of microprocessor-controlled prosthetic

knees.
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General discussion

The overarching aims of this thesis were enhancing our knowledge about gait adaptations

seen after amputation and study the influence of the Rheo Knee II as an example of micro-

processor-controlled prosthetic knee (MPK) on gait adaptations. While each individual chap-

ter had an aim that is related one of these overarching aims, the results of each chapter so

far have been discussed individually. The general discussion combines and critically dis-

cusses the results of the chapters that are related to either one of the overarching aims. To

do so, this chapter will start with a concise overview of the conclusions that can be drawn

from the presented research. After this, several relevant topics relating to gait adaptations

and microprocessor-controlled prosthetic knee research will be discussed. This will be fol-

lowed by the strengths and limitations of this thesis. This general discussion will conclude

with stating the implications for rehabilitation and the venues for future research.

GENERAL CONCLUSIONS

Individuals with a transtibial amputation and transfemoral amputation or knee disarticu-

lation show similar adaptation strategies in the amputated and intact leg. The majority of

adaptations seem to be the consequence of the loss of active ankle-foot function on the

amputated side. These adaptations include increased work of the hip extensors and plan-

tar flexors of the intact leg. Studying the muscle activation patterns of individuals with a

transfemoral amputation or knee disarticulations showed additional adaptations, specifi-

cally increased activity of muscles in the residual leg during the stance to swing transition

to increase socket fit.

We found that the use of the Rheo Knee II enabled participants to use the same strate-

gies that non-amputees use to cope with platform perturbations during walking. In addi-

tion, we found that the Rheo Knee II led to increased backward margins of stability during

perturbed walking when compared to the non-microprocessor-controlled prosthetic knee

condition which is thought to be reflective of increased gait stability. The influence of the

Rheo Knee II on the other studied aspects of gait (such as gait initiation and gait termina-

tion) was limited. At slower walking speeds, using the Rheo Knee II led to decreased vaulting

of the intact ankle. Hypothetically, this could be the result of optimal prosthetic knee kine-

matics while using the Rheo Knee II when compared to the non-microprocessor-controlled

prosthetic knee (NMPK). However, we found no statistically significant differences in peak

prosthetic knee flexion during swing between the Rheo Knee II and the NMPK. In gait initi-

ation and termination the Rheo Knee II did not lead to a reduction of intact leg reliance in

respectively producing and absorbing the forces to start and stop gait. Explanations for this

finding include the facts that participants did not use the knee yielding function of the Rheo

Knee II and did not increase the duration of single limb support of the prosthetic leg while

using the Rheo Knee II when compared to the NMPK. The Rheo Knee II had a limited effect

on functional status and prosthesis-related quality of life. Using the Rheo Knee II led to a
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small, but statistically significant, increase in number of steps needed to complete an ob-

stacle course when compared to the use of a NMPK. In addition, the Rheo Knee II positively

influenced residual limb health as measured by the prosthesis evaluation questionnaire.

GAIT ADAPTATIONS

Understanding which gait adaptations occur after amputation, and more importantly, why

they occur is of importance because it can provide the basis for the evaluation of (new) pros-

thetic components. Striving to end disability by fundamental advances in bionics, of which

Hugh Herr speaks, can only be achieved when (new) prosthetic components can decrease

compensational strategies of the hip of the residual leg and the ankle, knee and hip of the

intact leg. While studying different outcome parameters, chapter 2 and chapter 3 both

aimed to increase our understanding about gait adaptations after transfemoral amputation

or knee disarticulation. In chapter 2 results of joint work and joint power were presented.

These parameters provide insight into the amount of energy that is generated or absorbed

around the joints of the leg. They, however, do not necessarily provide information into

which muscles are responsible for the generation or absorption of energy. Relating joint

work and joint power to muscle actions is not as straightforward as it might seem. Several

muscles are bi-articular and can therefore generate or absorb energy over two joints. In

addition, they can transfer energy over the joints they span. Based on this, it could be in-

teresting to compare the results of chapter 2 (joint work and joint power) to the results of

chapter 3 in which muscle activation patterns are presented. As chapter 3 solely focused

on individuals with a transfemoral amputation or knee disarticulation, the results of the

individuals with a transtibial amputation from chapter 2 are left out of this discussion.

Parallels between joint power and work andmuscle activation patterns

The only parallels that can be drawn between chapter 2 and 3 are on ankle and hip level.

On ankle level, Serrousi et al. found increased work of the ankle plantar flexors of the

intact leg during mid and terminal stance.48 It is thought that this is a compensation for the

limited weight bearing stability and push-off most commercially available prosthetic feet

can provide. In chapter 3, two striking differences in muscle activation patterns of the in-

tact and a referent leg were visible that could relate to the finding of Seroussi et al.: (1) the

soleus of the intact leg showed earlier activity when compared to the soleus of a referent

leg, and (2) the anterior tibial muscle of the intact leg was active from mid-swing to the end

of mid-stance, while the anterior tibial muscle of the referent leg was active from the start

of the swing phase to the end of the double limb support. This led to substantial periods

of co-activation in the intact leg of the agonist anterior tibial muscle and the antagonist

gastrocnemius and soleus muscle. There was only limited co-contraction seen in the refer-

ent leg. Other studies have found co-contraction of the tibial anterior and gastrocnemius
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muscle in individuals without an amputation before.187–189 Di Nardo et al. studied 24 non-

impaired young individuals and found a direct relation in muscle complexity of the anterior

tibial and gastrocnemius muscle: multiple bursts of the anterior tibial muscle led to multiple

bursts of the gastrocnemius muscle and vice versa.187 The authors further suggest “. . . that

the increase of complexity is required to perform further tasks as foot inversion, balance

improvement during single support, control of ankle stability and knee flexion, and plays a

crucial role in the improvement of joint dynamic stability.”187 The findings of chapter 2 and

3 seem to point out the same mechanisms: increased activity of lower leg muscles of the

intact lower leg to increase weight-bearing stability and forward progression of the intact

leg.

On hip level, Seroussi et al. found increased concentric hip extensor work of the intact

leg during weight acceptance when compared to a referent leg. 48 Again, the study presented

in chapter 3 did not focus on upper leg muscles of the intact leg. Therefore, this results of

chapter 2 cannot be related to findings of chapter 3. In addition, Seroussi et al. found

increased eccentric hip flexor work during mid stance of the amputated leg when compared

to the intact and a referent leg.48 It is thought that this is a compensation for the impaired

progression of the center of mass over the prosthetic foot. Increasing eccentric work of the

hip flexors assists in preventing that the trunk and pelvis lag too far behind. In chapter 3,

muscle activation patterns of two hip flexors of the amputated leg were studied: the tensor

fascia latae and the rectus femoris. Both muscles did not show activity during mid stance.

This finding could be explained by the fact that these muscles are not the main hip flexors;

the iliopsoas muscle is. Because of its position, the iliopsoas cannot be measured by surface

electromyography and was therefore not included in the study presented in chapter 3. The

relation between the finding of Seroussi et al. could therefore not be related to findings of

muscle activation patterns.

Understanding why gait adaptations occur

While chapter 2 and 3 provided insight into which gait adaptations are visible in the walking

pattern of individuals with an amputation, they do not provide conclusive evidence as to

why these gait adaptations occur; in chapter 2 and 3 possible explanations for the gait

adaptions were based on informed judgement. Obtaining conclusive evidence as to why

gait adaptations occur, requires more fundamental studies. One example of a study that

provides a more in-depth understanding of the reasons gait adaptations occur was recently

published. Ingraham et al. studied the effect of the presence and absence of active ankle

and knee assistance on gait parameters.190 The authors found that providing active knee

swing initiation decreased positive hip power of the amputated leg during early swing and

negative hip power during the subsequent terminal swing phase. 190 Eliminating active knee

swing initiation was also found to decrease intact leg braking ground reaction forces of

the intact leg.190 This finding might implicate that active knee swing initiation contributes

to forward progression of the body. Providing powered plantar flexion reduced positive
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hip power of the amputated leg during early swing. As was the case with providing active

knee swing initiation, the effect of this was seen in the subsequent swing phase. Providing

powered plantar flexion also reduced the knee flexion and the knee extension moment

in early stance of the intact leg.190 Finally, eliminating powered plantar flexion resulted in

decreased braking forces of both the intact and prosthetic leg. 190 The same explanation

that was provided regarding active knee swing initiation seems also applicable here: by

eliminating powered plantar flexion forward progression of the body is impaired requiring

the intact and prosthetic leg to reduce the production of braking ground reaction forces to

retain enough forward propulsion to be able to keep walking.

INFLUENCE OF MPKS ON GAIT ADAPTATIONS

The second aim of this thesis was to study the influence of a microprocessor-controlled

prosthetic knee, more specifically the Rheo Knee II, on gait adaptations. We found that the

use of the Rheo Knee II enabled participants to use similar strategies as non-amputees use

to cope with balance perturbations. The increased backward margin of stability that we

found is thought to be indicative of increased gait stability. These results are one of the first

biomechanical findings that might explain the earlier reported decrease of self-reported

stumbles and falls that have been associated with the use of microprocessor-controlled

prosthetic knees. The Rheo Knee II had a limited influence on walking at different speeds,

gait initiation and termination and quality of life, balance confidence and measures of mo-

bility when compared to the use of a NMPK. The results of level walking, quality of life,

balance confidence and measures of mobility are both in line and in contrast with the re-

sults that are described in previously conducted trials focusing on the comparison of MPKs

and NMPKs. A number of factors might have played a role in the ambiguity existing in lit-

erature when it comes to the added value of a MPK on these outcome parameters. In the

following subsections, factors deemed relevant are described.

Differences between MPKs

The majority of published studies focused on the comparison of the C-Leg (compact) and

NMPKs. One of the reasons of the conflicting results could be that the C-Leg has a different

impact on gait when compared to the use of the Rheo Knee.

As far as it is known, two publication compared the use of the Rheo Knee to the C-Leg

during level walking.11,63 On metabolic energy, conflicting results are present as both a trend

towards decreased metabolic energy while walking with the Rheo Knee (P = 0.092)11 as a

decreased metabolic energy while walking with the C-Leg (p-value unknown) 63 have been

described. There are no other matching outcome parameters in both publications. The

reason for the conflicting findings on metabolic energy is not clear. The fact that Bellmann et

al.
63 solely included participants having extensive experience with the C-Leg and Johansson
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et al.
11 included participants using a variety of prosthetic knees might have contributed to

the conflicting results on metabolic energy. In conclusion, it is unclear whether differences

in prosthetic knee design led to conflicts between the results presented in thesis and the

available literature.

Indication settings for the prescription of MPKs

One of the contributing factors to the limited differences we found on group level, is that

there are no known evidence-based indication settings for the prescription of micropro-

cessor-controlled prosthetic knees on which we could base our inclusion criteria on. Be-

cause the indication criteria for the prescription of MPKs were unclear, we set broad inclu-

sion criteria and included individuals that were willing to participate. This led to a hetero-

geneous population in terms of, for instance, activity level, stump length, and prosthetic

loading. Activity level has been shown to influence the impact a MPK might have,32 whereas

stump length has been shown to influence kinematics and muscle activation patterns of

gait2,10 and therefore, potentially, might also lead to differences in the effect of a MPK. Al-

though not confirmed in previous studies, one can think of other factors that might also

impact the influence of a MPK such as daily activity level, strength of lower limb muscles,

and motor skills.

When looking at our results on the individual level, we indeed found that the Rheo Knee

II had a different impact among individuals. This was especially visible in level walking at

different walking speeds, quality of life (QoL), balance confidence and measures of mobility.

In the results of these experiments three subgroups were visible: (1) a group in which the

Rheo Knee II led to an increase of gait adaptations and reduced QoL, functional status, and

balance confidence (n=2), (2) a group in which no differences were found (n=4), and (3) a

group in which the Rheo Knee II reduced gait adaptations and increased QoL, functional

status, and balance confidence (n=4). Because the results are presented on group level,

the positive effects that the Rheo Knee II had in certain individuals is masked by the results

of individuals in which the Rheo Knee II had no or a detrimental effect. Due to the small

sample size, a detailed subgroup analysis was not possible. These results seem to indicate

that future research endeavors should be undertaken to clarify indication settings for the

prescription of prosthetic knees by studying individual patient-prosthesis interactions. Sig-

nificant progress in this field would allow the development of evidence-based guidelines for

the prescription of prosthetic knees in daily clinical practice.

Since the start of the project, the Dutch workgroup amputation and prosthetics devel-

oped the protocol “recording and pricing structure of leg prostheses”.191 This protocol uses

the K-levels142 to grade the contemplated use of the prosthesis in case of the first prosthe-

sis. The SIGAM-WAP192 is used to grade the contemplated use of a repeated prescription.

The K-level or SIGAM-WAP score is combined with other information such as anatomical

characteristics, activities and participation to select the prosthesis that best matches its

contemplated use.191 This an important and paramount first step in standardizing pros-
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thetic prescription, especially as it prescribes the use of test period and clinical tests to

determine the added value of MPKs. However, it is unclear what the scientific base is of the

classification of the different knees in terms of K-levels is. In addition, the scientific basis

for the match between the contemplated use of a prosthetic knee and the characteristics of

the user seems to be lacking. This further highlights the need for research that focuses on

the question which type of prosthesis is suited for which type of patient.

Methodological considerations regarding prosthetic knee research

Another explanation for the limited amount of differences that we have found might be the

fact that we performed measurements in a gait lab and predominantly studied walking tasks

with a low complexity.

Performing measurements in a gait lab has some limitations because it provides an

artificial environment that not necessarily corresponds with the environment of in-house

or community ambulation. A gait lab, for instance, usually allows ten to fifteen meters of

straight-line walking, which is usually not possible in the average house. Next to that, par-

ticipants are aware that they are being observed which might affect their behavior, which

is known as the Hawthorne effect. A recent preliminary study investigated whether this ef-

fect was present in two individuals with a transfemoral amputation. 193 The authors found

that the notion that gait is observed led to a relative decrease of the first double limb sup-

port of the intact leg (+10%), increase of gait speed (+6%), and increase of prosthetic step

length (7%) when compared to unobserved gait.193 These results seem to indicate that the

Hawthorne effect might be present in gait of individuals with a transfemoral amputation

and suggest that the gait pattern measured in a gait lab does not necessarily corresponds

with the gait pattern as it is present in daily life. Future research using larger study samples

is needed to confirm or reject these preliminary findings.

Finally, we predominantly studied walking tasks with a relative low complexity. It could

be possible that an added value of a MPK is found when walking tasks are studied with a

complexity that more closely resembles the complexity of activities of daily living. This state-

ment is further underlined by the fact that we did found differences on the most complex

task that we studied: responses to anteroposterior balance perturbations. A recent study

indicated that reliance on the intact leg increased during more complex tasks such as stair

or ramp walking.194 An increased reliance on the intact leg might suggest that the limita-

tions of the prosthetic leg are more pronounced during these tasks. In case non-optimal

knee damping is the basis of these limitations, a MPK might be of added value during the

completion of such tasks. A potential added value of a MPK during more complex tasks, as

suggested by this thesis, might explain the mismatch between the limited added value of

MPKs that is found in literature and the added value that has been shown on more subjec-

tive outcome measures: maybe we are measuring in a wrong way and we should perform

unobtrusive instrumented analysis of activities of daily living in a meaningful context to in-

crease the ecological validity of the measurements.
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One possible solution that would allow studying the gait pattern during more complex

tasks and with decreased awareness of being observed are ambulant gait analysis or moni-

toring systems. In recent years, developments in ambulant gait analysis systems have taken

a flight. Recently, van Meulen et al. showed that it is possible to obtain gait parameters of

stroke survivors in their own home, using an ambulant gait analysis system consisting of in-

ertial measurement units.195 They also showed that differences in spatiotemporal variables

of the 10 meter walk test performed in the clinic and in participants’ homes,195 suggesting

that the results of a measurement performed in a clinic are not necessarily transferable to

how people walk in their own home. Whether these results are also applicable for indi-

viduals with an amputation could be elucidated by future research. In addition, advanced

monitoring and ambulant gait analysis systems could be used in future studies to study

the impact of a MPK in a more meaningful context to increase the ecological validity of the

measurements.

Non-actuated prosthetic devices

The final contributing factor that will be discussed is the fact that all the prosthetic knees

that were tested have no actuation: both the Rheo Knee II and NMPKs can only dissipate

energy and are not able to generate energy. The Vari-Flex® with EVO™ prosthetic foot that

was used can be classified as an energy storing and releasing foot. This prosthetic foot type

can store some energy during the beginning of the stance phase and release the energy

during terminal stance. The amount that is stored and released, however, is substantially

less than the amount of energy that is generated by the physiological ankle. In the section

of this discussion describing gait adaptations it became clear that several gait adaptations

are caused by the lack of active ankle and knee control of conventional prosthetic devices.

Based on this, prosthetic knee devices with actuation might have a bigger impact on gait

adaptations than a MPK or an energy-storing and releasing foot might have.

Hafner and Askew compared the use of NMPKs, the Rheo Knee II, and the actuated

Power Knee II.34 They found that the use of a powered prosthetic knee increased the time

needed to complete the timed “up-and-go” Test and time needed to ascend and descend

the ramp when compared to the MPK and NMPK condition.34 In addition, the powered

prosthetic knee led to a decrease in daily step activity when compared to the MPK and

NMPK condition.34 Balance confidence was significantly increased while walking with the

powered prosthetic knee when compared to the NMPK condition.34 Finally, they found that

number of reported falls increased while using the MPK and powered prosthetic knee when

compared to the NMPK condition. These negative findings combined with the high attrition

of subjects in the active knee condition lead the authors to conclude that powered pros-

thetic knee control may not be the ideal choice for middle-age or older individuals with a

transfemoral amputation. Future studies should clarify whether this initial findings holds

up when powered prosthetic devices are studied in more detail.
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STRENGTHS AND LIMITATIONS

Several strength and limitation of the research that is presented in this thesis can be stated.

One of the strengths of the thesis is that we tested the Rheo Knee II on a wide variety of

outcome parameters and during different gait activities. Another strength is that we not

only focused on biomechanics of the prosthesis but also quantified outcome parameters of

the hip of the residual leg and all joints of the intact leg. Finally, we aimed to stick as close

to usual care as possible by, for instance, leaving out a gait training program. While this

improved the transferability of our results to daily clinical practice, it might have influenced

the effect the Rheo Knee II potentially had as participants might not have been able to

use the Rheo Knee II to its full potential. One of the major limitations of this thesis is

the limited sample size. This affected statistical power and thereby the possibility to find

statistical significant differences. In addition, because indication setting for microprocessor-

controlled prosthetic knees are unclear it would have been interesting to see whether the

effect of the Rheo Knee II was different in subgroups. However, our study sample did not

allow a sub-group analysis. An additional limitation is that we were not able to quantify

kinetic variables during the level walking and platform perturbations experiments due to

the fact that we used a single-belt instrumented treadmill. From the gait adaptations part

it became clear that a substantial amount of gait adaptations are visible in kinetic outcome

parameters. It is therefore unfortunate that we were not able to quantify the influence

of the Rheo Knee II on joint moments, power, and/or work. A final limitation is that all

measurements were performed in an artificial and the majority of the studied tasks had a

low complexity. This limits the ecological validity of our measurements.

IMPLICATIONS FOR REHABILITATION

The results of this further strengthened the notion that individuals with an amputation heav-

ily rely on their intact leg. This led to clear asymmetry in kinematic and kinetic variables of

the intact and prosthetic leg. In the discussion of this thesis, results of trials have been de-

scribed that suggest that these asymmetries are functional in part. These results indicate

that rehabilitation that is aimed to increase gait symmetry based on the assumption that

gait symmetry is always more functional should be discouraged. While this was already

noted by Winter and Sienko in 1988,49 gait symmetry still often comes up as goal of reha-

bilitation when talking to physical therapists and prosthetists. An often heard question in

these discussion is what the goal of rehabilitation should be in case gait symmetry is dis-

carded. While this thesis does not provide a clear answer to this question, we believe that

rehabilitation should focus on training the muscle groups that show increased activity to al-

low maximal adaptability of these muscles. In the intact leg these include the ankle plantar

flexors, knee extensors, and the hip flexors and extensors. The same applies for the hip
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flexors and extensors of the amputated leg. In addition, we found that the use of the Rheo

Knee II enabled the use of strategies to cope with balance perturbations that are also used

by non-amputees. These include a decreased step length and foot forward placement. The

rehabilitation of individuals walking with the Rheo Knee II, thus, can include exercises in

which these strategies are actively learned to maximize gait stability and minimize fall risk.

IMPLICATIONS FOR FUTURE RESEARCH

In this general discussion, a number of implications for future research have been pro-

posed. In summary, we propose that future research could focus on (1) increasing our

understanding of movement control strategies of individuals with a lower limb amputation,

(2) quantify the influence of actuated prosthetic components on the gait pattern of indi-

viduals with a transfemoral amputation or knee disarticulation, (3) increase the ecological

validity of measurements by measuring more complex and meaningful gait activities in the

context in which they are usually carried out, (4) focus on the research question “which

type of prosthesis for which type of patient” to allow tailoring of individual prosthetic pre-

scription. In addition, ambulatory assessment of the gait pattern of an individual with a

transfemoral amputation over a prolonged period of time can lead to increased insight into

how individuals adapt to a prosthetic device. This could also provide insight into how in-

dividuals with an amputation interact with intelligent devices. Combining this information

with the information that can be obtained from the prosthetic device itself (such as torques

and angles) could provide insight into the the complex patient-prosthesis interactions on

individual level. This information can be used to further personalize prosthetic prescription

and allow patient-driven development of prosthetic devices.

ADAPTING TO CHANGE?

Individuals have to adapt on several levels after their amputation. First of all, they have to

adapt to the amputation itself. Next, they have to adapt to a prosthetic device that is usu-

ally not capable of providing a full substitution of the amputated body part. Finally, when

walking with a prosthetic device with artificial intelligence, individuals have to adapt to a

prosthesis that adapts to the user. One has to have knowledge of all levels to fully grasp

in what way a microprocessor-controlled prosthetic knee influences the gait pattern of indi-

viduals with a transfemoral amputation or knee disarticulation. The difficulty to adequately

substitute parts in a biological system of substantial complexity reveals the discrepancies

between what we think we know and the mechanisms that we overlook or are still poorly

understood. Therefore this field of study might also need to adapt. Adapt to first under-

stand why the gait pattern is the way it is before investigating how new prosthetic devices

can influence aspects of gait we do not fully comprehend yet.
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“Indeed, through fundamental advances in bionics in

this century, we will set the technological foundation

for an enhanced human experience and we will end

disability”

Hugh Herr
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SUMMARY

Chapter 1 provided a short overview on what a transfemoral amputation or knee disar-

ticulation is. This was followed by a description of the different types of prosthetic knee

units that are available which include non-microprocessor-controlled and microprocessor-

controlled prosthetic knees. Non-microprocessor-controlled prosthetic knees are limitedly

able to change the knee damping properties. This is needed to adequately respond to

changes in walking speed and negotiate environmental barriers, such as stairs and ramps.

The limited ability to change knee damping properties lead to several adaptations in the gait

pattern, which were outlined in chapter 1. In contrast to non-microprocessor-controlled

prosthetic knees, microprocessor-controlled prosthetic knees, such as the Rheo Knee II, are

capable of changing the knee damping properties and are therefore thought to be bene-

ficial for individuals with an amputation. The hypothesis that microprocessor-controlled

prosthetic knees are beneficial for individuals with an amputation has been subject of pre-

vious research. When looking in the existing literature, it is apparent that there seems to be

a mismatch between more objective outcome measures and subjective outcome measures.

After hypothesizing why this mismatch occurs, several research questions were postulated,

including:

1. What compensations in terms of joint power and work can be seen in the joints of the

residual and intact leg of individuals with a transtibial or transfemoral amputation?

2. What are the differences in muscle activation patterns during walking of individuals

with a transfemoral amputation or knee disarticulation when compared to individuals

without an amputation?

3. What is the influence of the Rheo Knee II on gait adaptations seen during level walking

at varying walking speeds, gait initiation, gait termination, and responses to platform

perturbations during walking?

4. What is the influence of the Rheo Knee II on prosthesis-related quality of life, func-

tional status, and balance confidence?

The overarching theme of research question 1 and 2 is increasing our understanding of the

influence of the amputation on the gait pattern of individuals with a transfemoral ampu-

tation or knee disarticulation. One of the possibilities to achieve this, is to systematically

collect and combine results of earlier conducted trials. In chapter 2, the results of our sys-

tematic review and meta-analysis that focused on adaptations strategies of individuals with

a transtibial or transfemoral amputation in terms of joint work or joint power are presented.

A total of 13 articles were included of which 12 studied individuals with a transtibial ampu-

tation and 2 articles studied individuals with a transfemoral amputation. We found that in
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both groups, the hip extensors of the intact leg show increased activity during early stance.

In addition, the plantar flexors of the intact leg of individuals with a transfemoral amputa-

tion show increased activity at the end of the stance phase. The majority of adaptations

seem to be the consequence of the loss of active ankle and foot function of the amputated

leg.

Another possibility to increase our understanding of the gait pattern of individuals with

a transfemoral amputation or knee disarticulation is through quantifying muscle activation

patterns. In chapter 3, the results of our experiments comparing muscle activation patterns

of walking of individuals with an amputation are compared to the muscle activation patterns

of non-amputees. At the residual leg we measured muscle activity of the gluteus maximus,

gluteus medius, tensor fasciae latae, rectus femoris, vastus lateralis, biceps femoris, semi-

tendinosus and adductor magnus. At the intact leg, we measured the tibialis anterior, gas-

trocnemius medialis and soleus. We found that individuals with an amputation showed

increased co-activation of the ankle dorsal and plantar flexors of the intact leg. It is thought

that this co-activation improves joint stability, which is needed because individuals with an

amputation heavily rely on their intact leg. In the residual leg, we found activity of almost

all upper leg muscles during the stance to swing phase transition. This increased activity is

thought to increase the socket fit at the beginning of the swing phase.

Research question 3 aimed to quantify the effect of the Rheo Knee II on gait adaptations

during walking. In chapters 4 through 8 the results of our randomized cross-over trial

are presented. For this trial we included participants that were at least one year after

amputation, were at least able to walk outdoors, never had a microprocessor-controlled

prosthetic knee prescribed before, and had no other musculoskeletal conditions affecting

walking ability or stump problems. Participants were measured twice: once with their own

non-microprocessor-controlled prosthetic knee and once with the Rheo Knee II. The order

in which prosthetic knees were tested was randomized. In both prosthetic knee conditions

the low-profile variflex with EVO prosthetic foot was used. A total of ten individuals were

included in this trial as well as a control group consisting of ten individuals without an am-

putation.

As outlined in chapter 1, the distinctive features of a microprocessor-controlled pros-

thetic knee might not be used to their full extent during level walking at preferred walking,

but might be more pronounced at slower or faster walking speed. In chapter 4 the results

of our trial studying the added value of a microprocessor-controlled prosthetic knee at pre-

ferred walking speed, 70% preferred walking speed and 115% preferred walking speed are

presented. We calculated spatiotemporal and kinematic data for each walking speed con-

dition. We found, that the use of the Rheo Knee II led to decreased vaulting of the intact

ankle at 70% preferred walking speed. This could be the result of increased prosthetic knee

flexion during the swing phase. On this outcome parameter, however, no statistically signif-

icant difference was found. On other outcome parameters, no differences were found. The
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effect of a the Rheo Knee II on level walking at different speeds, thus seems to be limited.

Because the activity pattern of individuals with an amputation has been shown to have a

large frequency of activity bouts of 1 or 2 minutes in length, the starting and stopping of gait

seems to an important aspect of activities of daily living. Therefore we quantified the added

value of the Rheo Knee II during gait initiation (chapter 5) and gait termination (chapter

6). We hypothesized that the increased stance stability and early stance prosthetic knee

flexion that are associated with the use of a microprocessor-controlled prosthetic knees

would enable participants to more efficiently generate the forces needed to initiate gait or

absorb the forces that is needed to terminate gait. We therefore calculated the impulses

that are generated or absorbed by both the intact and prosthetic leg, the decoupling of

the center of mass and center of pressure, and prosthetic knee kinematics during early

stance. We found that the use of the Rheo Knee II had no influence on the studied outcome

parameters when compared to the use of a non-microprocessor-controlled prosthetic knee.

The outcomes of chapter 5 seem to indicate that the ankle is more momentous than the

knee to generate the propulsive forces needed to initiate gait. The outcome of chapter 6,

again, indicate the prominent role the ankle has in the absorption of forces that is needed to

terminate gait. In addition, while the Rheo Knee II can dissipate energy through early stance

prosthetic knee flexion, participants did not use this feature during gait termination. In both

prosthetic knee condition, participants kept the prosthetic knee extended throughout the

stance phase, thereby minimizing the potential added value the Rheo Knee II might have

during gait termination.

Finally we quantified the added value of the Rheo Knee II on responses to platform per-

turbations during walking. The results of this trial are described in chapter 7. Because of its

complexity, this task is to thought to be most distinctive from level walking at preferred walk-

ing speed. Individuals walked at their preferred walking speed on an instrumented treadmill

that is incorporated in a platform. During the single limb support phase of the prosthetic

leg (stance phase perturbation) and during the prosthetic swing phase (swing phase pertur-

bation), the platform was translated in the posterior direction. The primary outcome was

the backwards margin of stability (BMoS). When walking with the Rheo Knee II, individuals

increased the BMoS in the steps after the stance phase perturbation when compared to the

non-microprocessor-controlled prosthetic knee condition. This is mainly achieved by de-

creasing foot forward placement in the Rheo Knee II condition. On the swing phase pertur-

bations no differences were found. We also compared perturbed to non-perturbed walking

to quantify the strategies that individuals use to cope with the balance perturbations. We

found that the stance phase perturbation led to an increased BMoS in the Rheo Knee II con-

dition and in the control group of non-amputees when compared to non-perturbed walking.

This was not found in the non-microprocessor-controlled prosthetic knee condition. When

looking at the strategies to increase the BMoS, the Rheo Knee II enabled participants to use

strategies that are also used by non-amputees to increase the BMoS: predominantly a de-

crease in foot forward placement. Because we were not able to obtain kinetic variables, it
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is difficult to provide an explanation for this finding. We hypothesized that the increased

stance stability that is attributed to the Rheo Knee II enabled participants to decrease foot

forward placement and step length without increasing the risk of knee buckling.

In chapter 8 we addressed research question 4 and presented the results of our trial

investigating the influence of the Rheo Knee II on prosthesis-related quality of life, self-

reported balance confidence, and measures of mobility when compared to the use of a

non-microprocessor-controlled prosthetic knee. We found that the use of the Rheo Knee II

led to an significantly increased score on the Residual Limb Health subscale of the Prosthesis

Evaluation Questionnaire. In addition, we found that the use of the Rheo Knee II increased

the number of steps that are needed to complete an obstacle course. On other outcome

parameters, no differences were found. These results are both in line and in conflict with

previous trials. We believe that the fact that we did not provide a gait training program and

the fact that we included participants with a relatively high functional level contributed to

the ambiguity.

Finally, chapter 9, discussed the main finding of this thesis. Furthermore, this chapter

outlines several methodological considerations for performing prosthetic knee research. Fi-

nally, the implications and possibilities for future research are described.
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SAMENVATTING

Hoofdstuk 1 startte met het geven van een korte beschrijving over een transfemorale am-

putatie en een knie disarticulatie. Vervolgens werd er een overzicht gegeven van de verschil-

lende type protheseknieën die verkrijgbaar zijn, waaronder niet-microprocessorgestuurde

en microprocessorgestuurde protheseknieën. De niet-microprocessorgestuurde prothese-

knie is beperkt in staat om de demping van de knie te veranderen. Het veranderen van

de kniedemping is van belang om te kunnen lopen op verschillende snelheden en om ade-

quaat met omgevingsbarrières zoals trappen en hellingen om te gaan. Het feit dat niet-

microprocessorgestuurde protheseknieën beperkt in staat zijn de kniedemping te variëren

leidt tot specifieke aanpassingen in het looppatroon welke in hoofdstuk 1 beschreven staan.

In tegenstelling tot niet-microprocessorgestuurde protheseknieën zijn microprocessorge-

stuurde protheseknieën, zoals bijvoorbeeld de Rheo Knee II, wel in staat om de kniedemping

te variëren. Vanwege de variabele kniedemping wordt verondersteld dat microprocessor-

gestuurde protheseknieën een meerwaarde hebben voor mensen met een amputatie. Deze

veronderstelling is getest in eerder uitgevoerd onderzoek. Als men naar de resultaten van

deze onderzoeken kijkt, lijkt er een mismatch te zijn tussen de meer objectieve uitkomst-

maten en de meer subjectieve uitkomstmaten. Nadat in hoofdstuk 1 mogelijke verklaringen

voor deze mismatch zijn beschreven, zijn er een viertal onderzoeksvragen beschreven:

1. Welke compensaties zijn er zichtbaar rondom de gewrichten van de stomp en het

intacte been van mensen met een transtibiale of transfemorale amputatie in termen

van joint work en joint power?

2. Wat zijn de verschillen in spieractivatiepatronen tussen mensen met een transfemo-

rale amputatie of een knie disarticulatie en mensen zonder amputatie tijdens het lo-

pen?

3. Wat is de invloed van de Rheo Knee II op aanpassingen in het gangbeeld tijdens het

lopen op verschillende snelheden, het starten van het lopen, het stoppen van het

lopen en op reacties op platform perturbaties tijdens het lopen?

4. Wat is de invloed van de Rheo Knee II op de kwaliteit van leven, vertrouwen in de

balans en functionele status?

Het overkoepelende thema van onderzoeksvraag 1 en 2 is het beter begrijpen van de in-

vloed van een amputatie op het looppatroon van mensen met een transfemorale amputa-

tie of knie disarticulatie. Eén van de mogelijkheden om dit te bereiken is het systematisch

verzamelen en combineren van resultaten uit eerder onderzoek. In hoofdstuk 2 staan de

resultaten van onze systematische review en meta-analyse gepresenteerd. Deze is gericht

op het in kaart brengen van de adaptatie strategieën in termen van joint work of joint po-

wer van mensen met een transtibiale of transfemorale amputatie. In deze review werden
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13 artikelen geïncludeerd waarvan er 12 resultaten presenteren van mensen met een trans-

tibiale amputatie en 2 studies resultaten presenteren van mensen met een transfemorale

amputatie. De resultaten lieten zien dat in beide groepen de heup extensoren een toename

in activiteit laten zien tijdens het begin van de standfase. Daarnaast zijn de plantair flexoren

van het intacte been van mensen met een transfemorale amputatie actiever aan het eind

van de standfase. De meerderheid van de adaptaties lijken het gevolg te zijn van het verlies

van de actieve functie van de enkel en de voet van het geamputeerde been.

Een andere mogelijkheid om ons begrip over het looppatroon van mensen met een

transfemorale amputatie of knie disarticulatie te vergroten is het bestuderen van de spier-

activatiepatronen tijdens het lopen. Hoofdstuk 3 presenteert de resultaten van onze experi-

menten waarin we de spieractivatiepatronen van mensen met een transfemorale amputatie

of knie disarticulatie vergelijken met spieractivatiepatronen van mensen zonder amputatie.

We hebben de volgende spieren van de stomp gemeten: de gluteus maximus, gluteus me-

dius, tensor fasciae latae, rectus femoris, vastus lateralis, biceps femoris, semitendinosus

en adductor magnus. In het intacte been zijn de tibialis anterior, gastrocnemius en soleus

gemeten. De resultaten lieten een toegenomen co-activatie zien van de dorsaal en plan-

tair flexoren bij mensen met een amputatie. Er wordt verondersteld dat deze co-activatie

leidt tot een toename in stabiliteit van de enkel. Dit zou nodig zijn, omdat mensen met een

amputatie erg afhankelijk zijn van hun intacte been. In de stomp vonden we activiteit van

nagenoeg alle bovenbeenspieren tijdens de overgang van de stand- naar de zwaaifase. Er

wordt verondersteld dat door deze spieractiviteit de kokerfit toeneemt aan het begin van de

zwaaifase.

Onderzoeksvraag 3 was gericht op het bepalen van het effect van de Rheo Knee II op aan-

passingen in het looppatroon. In hoofdstuk 4 tot en met 8 staan de resultaten van onze

gerandomiseerde cross-over trial gepresenteerd. Voor dit onderzoek werden mensen ge-

ïncludeerd waarbij de amputatie ten minste één jaar geleden werd uitgevoerd, die in staat

waren om buitenshuis te lopen, die nog nooit een microprocessorgestuurde prothese voor-

geschreven hadden gekregen en die naast de amputatie geen andere musculoskeletale pro-

blemen of stompproblemen hadden die de loopvaardigheid zouden kunnen beïnvloeden.

De deelnemers aan het onderzoek werden twee keer gemeten: één keer met hun eigen

niet-microprocessorgestuurde protheseknie en één keer met de Rheo Knee II. De volgorde

waarin de protheseknieën werden getest is gerandomiseerd. In beide condities werd ge-

bruik gemaakt van de low-profile Variflex with EVO prothesevoet. In totaal hebben tien

personen met een amputatie en een controlegroep, ook bestaande uit tien personen, aan

het onderzoek meegedaan.

Zoals besproken in hoofdstuk 1 wordt het onderscheidend vermogen van de micro-

processor-gestuurde protheseknie waarschijnlijk niet volledig benut tijdens het lopen op

voorkeurssnelheid. Dit onderscheidend vermogen komt wellicht beter tot zijn recht bij

langzamer of sneller lopen. In hoofdstuk 4 staan de resultaten beschreven van onze ex-
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perimenten gericht op de vraag of de Rheo Knee II een meerwaarde heeft ten opzichte

van niet-microprocessorgestuurde protheseknieën bij het lopen op voorkeursnelheid, 70%

voorkeurssnelheid en 115% voorkeurssnelheid. Voor elke loopsnelheid werden spatiotem-

porele en kinematische variabelen berekend. Voor de 70% voorkeurssnelheid conditie von-

den we dat het gebruik van de Rheo Knee II leidde tot een afname van vaulting van de

intacte enkel. Dit kan het gevolg zijn van een toename van flexie van de protheseknie tij-

dens de zwaaifase. Echter, op deze uitkomstmaat werd geen statistisch significante verschil

gevonden. Ook op de andere uitkomstmaten werd geen statistisch significant verschil ge-

vonden. De meerwaarde van de Rheo Knee II tijdens het lopen op verschillende snelheden

lijkt dus beperkt te zijn.

Een studie die het activiteitenpatroon van mensen met een amputatie heeft onderzocht

liet zien dat er een hoge frequentie is van kortdurende periodes van aaneengesloten acti-

viteit (1 of 2 minuten). Dit betekent dat mensen met een amputatie relatief vaak starten

en stoppen met lopen. In hoofdstuk 5 staan de resultaten gepresenteerd van onze expe-

rimenten om de meerwaarde van de Rheo Knee II te bepalen tijdens het starten van het

lopen en in hoofdstuk 6 de resultaten van de experimenten gericht op het stoppen van het

lopen. We veronderstelden dat de toename in standsstabiliteit van het prothese been en de

flexie van de protheseknie tijdens de vroege standfase er toe zouden leiden dat deelnemers

beter in staat waren om de krachten te genereren die nodig zijn om te starten met lopen

en de krachten te absorberen die nodig zijn om te stoppen met lopen. Om hier inzicht in te

kunnen krijgen werden de impulsen die door het intacte en het prothese been werden ge-

genereerd of geabsorbeerd, de ontkoppeling van het center of mass en center of pressure,

en de flexie van de protheseknie tijdens het begin van de standfase berekend. De resultaten

van hoofdstuk 5 lijken te wijzen op het feit dat de enkel een belangrijkere rol heeft dan de

knie in het generen van de propulsieve krachten die nodig zijn om te starten met lopen. De

resultaten van hoofdstuk 6 wijzen in dezelfde richting: de enkel heeft een prominentere rol

in het absorberen van de krachten die nodig zijn om te stoppen met lopen in vergelijking

met de knie. Daarnaast lieten de resultaten zien dat het mechanisme waarmee de Rheo

Knee II energie kan absorberen (flexie van de protheseknie tijdens de vroeg standfase) niet

gebruikt werd door de deelnemers aan het onderzoek. Tijdens het lopen met zowel de Rheo

Knee II als de niet-microprocessorgestuurde protheseknie werd de protheseknie geëxten-

deerd tijdens de standfase. Hierdoor werd het mogelijk voordeel dat de Rheo Knee II heeft

tijdens het stoppen van het lopen geminimaliseerd.

Ten slotte hebben we de meerwaarde van de Rheo Knee II op de reacties op platform

perturbaties tijdens het lopen bepaald. De resultaten van deze experimenten staan beschre-

ven in hoofdstuk 7. Vanwege de complexiteit van deze taak lijkt deze het meest verschil-

lend te zijn van lopen op voorkeurssnelheid. De deelnemers liepen in deze experimenten

op voorkeurssnelheid op een loopband die is ingebed in een platform. Het platform werd

in achterwaartse richting geperturbeerd tijdens verschillende momenten in de gangcyclus:

tijdens de enkele standfase van het prothese been (standfase perturbatie) en tijdens de
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zwaaifase van het prothesebeen (zwaaifase perturbatie). De primaire uitkomstmaat was

de backwards margin of stability (BMoS). De deelnemers lieten een vergrote BMoS van de

stappen na de standfase perturbatie zien in de Rheo Knee II conditie. Een vergrote BMoS

wordt geassocieerd met een verminderd val risico. De toename in de BMoS was vooral

het gevolg van een afname van het naar voren plaatsen zowel het prothese als het intacte

been. Er werden geen verschillen gevonden voor de zwaaifase perturbatie. Om inzicht te

krijgen in de wijze waarop mensen op de perturbaties reageren hebben we het lopen tij-

dens de platform perturbaties ook vergeleken met het lopen zonder platform perturbaties.

In deze vergelijking vonden we dat de BMoS van de stappen na de standfase perturbatie

significant groter was in vergelijking met de BMoS van het lopen zonder perturbaties voor

zowel de Rheo Knee II conditie als voor de mensen zonder amputatie. Deze verschillen wer-

den niet gevonden voor de niet-microprocessorgestuurde protheseknie. In deze conditie

was de BMoS van de stappen na de standfase pertubatie vergelijkbaar met de BMoS van

het lopen zonder perturbaties. Daarnaast vonden we dat de Rheo Knee II de deelnemers in

staat stelde om dezelfde strategieën te gebruiken om de BMoS te vergroten die ook gebruikt

worden door mensen zonder amputatie. De belangrijkste strategie is het verminderen van

het naar voren plaatsen van zowel het intacte als het prothese been. Het is lastig om een

verklaring te geven voor de gevonden verschillen, omdat we niet in staat waren om kineti-

sche variabelen te verzamelen. We veronderstellen dat een toename in stabiliteit tijdens de

vroege standfase deelnemers in staat stelde om het prothese been minder ver naar voren

te plaatsen zonder daarbij het risico te lopen om te vallen.

In hoofdstuk 8 is ingegaan op onderzoeksvraag 4. Dit hoofdstuk presenteert de resul-

taten van onze experimenten waarin de invloed van de Rheo Knee II op de aan de prothese

gerelateerde kwaliteit van leven, zelf-gerapporteerde vertrouwen in de balans en mobili-

teitsmaten bepaald is. Wij vonden dat het gebruik van de Rheo Knee II leidde tot een sig-

nificant toegenomen score op de subschaal Stompgezondheid van de Prosthesis Evaluation

Questionnaire. Daarnaast vonden we ook dat het gebruik van de Rheo Knee II leidde tot een

toename in het aantal stappen dat nodig was om een obstakelparcours te voltooien. Op de

andere uitkomstmaten werden geen verschillen gevonden. Deze resultaten zijn zowel in lijn

als in conflict met de resultaten van eerder uitgevoerd onderzoek. Wij zijn van mening dat

het feit dat we geen trainingsprogramma hebben gekoppeld aan het gebruik van de Rheo

Knee II en het feit dat we mensen hebben geïncludeerd met een veelal hoog functioneel

niveau hebben bijgedragen aan de tegenstellingen die bestaan tussen onze resultaten en

de resultaten van eerder uitgevoerd onderzoek.

Ten slotte zijn in hoofdstuk 9 de belangrijkste resultaten van dit proefschrift bediscussi-

eerd. Daarnaast zijn er verschillende methodologische overwegingen met betrekking tot

het uitvoeren van onderzoek naar protheseknieën besproken. Dit hoofdstuk is afgesloten

met de implicaties van de gevonden resultaten en de mogelijkheden voor vervolgonderzoek.
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dat je me al die jaren als kamergenoot ‘verdragen’ hebt, voor je gezelligheid en humor en
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punten lijken we best op elkaar waardoor het altijd erg prettig is geweest (en nog steeds is)

om even met elkaar te sparren over zaken waar je tegenaan loopt. Ik ben ontzettend blij
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